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DAppend
ixHuman Health Effects

of Criteria Pollutants

Introduction

,Q#UHVSRQVH#WR#WKH#PDQGDWH#RI#VHFWLRQ#;45#RI#WKH
&OHDQ#$LU#$FW#$PHQGPHQWV#RI#4<<3#+&$$$,/#(3$
LGHQWLILHG# DQG# HVWLPDWHG# WKH# TXDQWLILDEOH# KHDOWK
EHQHILWV#$PHULFDQV#VKRXOG#HQMR\#LQ#5333#DQG#5343#GXH
WR#LPSURYHG#DLU#TXDOLW\#UHVXOWLQJ#IURP#WKH#&$$$1##7KH
UHVXOWV#VXJJHVW#WKDW#WKH#&$$$#ZLOO#UHVXOW#LQ#VLJQLILFDQW
UHGXFWLRQV# LQ# PRUWDOLW\/# UHVSLUDWRU\# LOOQHVV/# KHDUW
GLVHDVH/#DQG#RWKHU#DGYHUVH#KHDOWK#HIIHFWV/#LQ#DGGLWLRQ#WR
WKRVH#UHSRUWHG#LQ#(3$·V#+4<<:,#UHWURVSHFWLYH#DQDO\VLV
RI# WKH#&OHDQ#$LU#$FW1# # ,Q# WKDW#DQDO\VLV/# WKH#$JHQF\
IRXQG#WKDW#VLJQLILFDQW#KHDOWK#EHQHILWV#DFFUXHG#EHWZHHQ
4<:3# DQG# 4<<3/# HVSHFLDOO\# DV# D# FRQVHTXHQFH#RI# WKH
UHGXFWLRQV#LQ#DPELHQW#SDUWLFXODWH#PDWWHU#+30,1

7KLV# DSSHQGL[# SUHVHQWV# DQ# RYHUYLHZ# RI#(3$·V
DSSURDFK# IRU#PRGHOLQJ#WKH#KXPDQ#KHDOWK#HIIHFWV#RI
WKH#&$$$1##,W#RXWOLQHV#WKH#SULQFLSOHV#XVHG#WR#JXLGH#WKH
KXPDQ# KHDOWK# EHQHILWV# DQDO\VLV/# GHVFULEHV#PHWKRGV
XVHG# WR# TXDQWLI\# FULWHULD# DLU# SROOXWDQW# H[SRVXUH
QDWLRQZLGH/# DQG#GLVFXVVHV# LVVXHV# WKDW# DULVH# LQ#XVLQJ
KHDOWK#HIIHFW# LQIRUPDWLRQ1# #)ROORZLQJ#WKLV#RYHUYLHZ/
WKH#DSSHQGL[#SUHVHQWV#WKH#PRGHOLQJ#UHVXOWV/#UHSRUWHG
DV#HVWLPDWHV#RI#DYRLGHG#LQFLGHQFHV#RI#DGYHUVH#KHDOWK
HIIHFWV1

Health Effects Modeling
Approach

,Q# WKH# VHFWLRQ# ;45# UHWURVSHFWLYH# DQDO\VLV/#(3$
+4<<:,# GHYHORSHG# DQ# DSSURDFK# IRU# TXDQWLI\LQJ# WKH
HIIHFWV# RI# UHGXFHG# SROOXWDQW# H[SRVXUH# LQ# WKH# 7;
FRQWLQHQWDO#VWDWHV#DQG#WKH#'LVWULFW#RI#&ROXPELD/#ZLWK
SDUWLFXODU#IRFXV#RQ#WKRVH#HIIHFW#FDWHJRULHV#IRU#ZKLFK
PRQHWDU\# EHQHILWV# FRXOG# EH# HVWLPDWHG1# #7KH# VWXG\
GHVLJQ# DGRSWHG# IRU# WKLV# DQDO\VLV# IROORZV# D# VLPLODU
DSSURDFK/#XVLQJ#D#VHTXHQFH#RI#OLQNHG#DQDO\WLFDO#PRGHOV
WR#HVWLPDWH#EHQHILWV1##7KH#ILUVW#VWHS#LV#DQ#DQDO\VLV#RI#WKH

OLNHO\# LPSOHPHQWDWLRQ# DFWLYLWLHV# XQGHUWDNHQ# LQ
UHVSRQVH#WR#WKH#&$$$1# #7KHVH#IRUHFDVWHG#DFWLYLWLHV
SURYLGHG# D# EDVLV# IRU# PRGHOLQJ# FULWHULD# SROOXWDQW
HPLVVLRQV#XQGHU# WKH# WZR# VFHQDULRV# FRQVLGHUHG# +WKH
3UH0&$$$#VFHQDULR#DQG#WKH#3RVW0&$$$#VFHQDULR,/#DV
GRFXPHQWHG#LQ#$SSHQGL[#$1##7KH#HPLVVLRQV#HVWLPDWHV
ZHUH#LQSXW#LQWR#WKH#DLU#TXDOLW\#PRGHOV#+$SSHQGL[#&,/
DQG#DPELHQW#SROOXWDQW#FRQFHQWUDWLRQV#HVWLPDWHG#E\#WKH
DLU#TXDOLW\#PRGHOV#ZHUH#LQSXW#LQWR#WKH#KHDOWK#EHQHILWV
PRGHO/#WKH#IRFXV#RI#WKLV#DSSHQGL[1

7KH#KHDOWK#EHQHILWV#PRGHO#UHOLHV#RQ#WZR#LQSXWV=
+4,#IRUHFDVWHG#FKDQJHV#LQ#SROOXWDQW#H[SRVXUHV#DFURVV
WKH#VWXG\#SHULRG/#DQG#+5,#FRQFHQWUDWLRQ0UHVSRQVH#+&0
5,# IXQFWLRQV# WKDW#TXDQWLI\# WKH#UHODWLRQVKLS#EHWZHHQ
WKH# IRUHFDVWHG# FKDQJHV# LQ# H[SRVXUH# DQG# H[SHFWHG
FKDQJHV# LQ# VSHFLILF# KHDOWK# HIIHFWV1:H# GLVFXVV# WKH
LQSXWV# XVHG# IRU# WKH# 7;# FRQWLQHQWDO# VWDWHV# DQG# WKH
'LVWULFW#RI#&ROXPELD#EHORZ14

Quantifying Changes in Pollutant
Exposures

4XDQWLI\LQJ#FKDQJHV#LQ#SROOXWDQW#H[SRVXUHV#LQ#WKLV
DQDO\VLV#UHOLHV#RQ#WZR#LQSXWV=#+4,#IRUHFDVWV#RI#DPELHQW
SROOXWLRQ#OHYHOV#DW#WKH#DYDLODEOH#DLU#TXDOLW\#PRQLWRUV#LQ
WKH#7;#FRQWLJXRXV#VWDWHV/#DQG#+5,#H[WUDSRODWLRQV#IURP
WKH# DYDLODEOH# DLU# TXDOLW\# PRQLWRUV# +ZKLFK# DUH# QRW
XQLIRUPO\#GLVWULEXWHG#DFURVV#WKH#8161,##WR#D#SRSXODWLRQ
JULG#V\VWHP#RI#HLJKW#NP#E\#HLJKW#NP#FHOOV#WKDW#FRYHUV
WKH#7;#FRQWLJXRXV#VWDWHV#DQG#WKH#'LVWULFW#RI#&ROXPELD1

##7KHVH#LQSXWV#FRXOG#DOVR#EH#XVHG#WR#HVWLPDWH#H[SRVXUH#LQ#WKH4

ERUGHU#UHJLRQV#RI#0H[LFR#DQG#&DQDGD#WKDW#PLJKW#KDYH#LPSURYHG
DLU#TXDOLW\#LQ#WKH#3RVW0&$$$##VFHQDULR1##
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Forecasting 2000 and 2010
Pollution Levels at Ambient Air
Quality Monitors

:KHQ#TXDQWLI\LQJ#DGYHUVH#KXPDQ#KHDOWK#HIIHFWV/
WKH#VHFWLRQ#;45#SURVSHFWLYH#DQDO\VLV#HVWLPDWHG#5333
DQG#5343#DPELHQW#FRQFHQWUDWLRQV#IRU#ERWK#WKH#3UH0
&$$$#DQG#3RVW0&$$$#VFHQDULRV#IRU#WKH#IROORZLQJ
SROOXWDQWV#DQG#DLU#TXDOLW\#SDUDPHWHUV=

ü 3DUWLFXODWH#PDWWHU/# OHVV# WKDQ# 43#PLFURQV# LQ
GLDPHWHU#+30 ,43

ü 3DUWLFXODWH#PDWWHU/# OHVV# WKDQ# 518#PLFURQV# LQ
GLDPHWHU#+30 ,518

ü 2]RQH#+2 ,6
ü 1LWURJHQ#GLR[LGH#+12 ,5
ü 6XOIXU#GLR[LGH#+62 ,5
ü &DUERQ#PRQR[LGH#+&2,

7KH# VL[WK# FULWHULD# SROOXWDQW/# OHDG# +3E,/# LV# QRW
LQFOXGHG#LQ#WKLV#DQDO\VLV#VLQFH#DLUERUQH#HPLVVLRQV#RI
OHDG# ZHUH# YLUWXDOO\# HOLPLQDWHG# E\# SUH04<<3# &$$
SURJUDPV1# # 7KH# PHWKRGV# XVHG# WR# HVWLPDWH# WKH
FRQFHQWUDWLRQV# RI# WKHVH# SROOXWDQWV# DW#PRQLWRUV# DUH
GHVFULEHG#LQ#$SSHQGL[#&1

Extrapolating Forecasts at Air
Quality Monitors to Population Grid
Cells

7KH#QH[W#VWHS#LV#WR#H[WHQG#IRUHFDVWV#IRU#D#OLPLWHG
QXPEHU#RI#DLU#TXDOLW\#PRQLWRUV#WR#HVWLPDWH#SRSXODWLRQ
H[SRVXUH# DW# DOO# ORFDWLRQV# LQ# WKH# FRQWLQHQWDO#8QLWHG
6WDWHV/# XVLQJ# WKH# &ULWHULD# $LU# 3ROOXWDQW# 0RGHOLQJ
6\VWHP#+&$306,1##&$306#GLYLGHV#WKH#8QLWHG#6WDWHV
LQWR#HLJKW#NLORPHWHU#E\#HLJKW#NLORPHWHU#JULG#FHOOV#DQG
HVWLPDWHV#WKH#FKDQJHV#LQ#LQFLGHQFH#RI#DGYHUVH#KHDOWK
HIIHFWV#DVVRFLDWHG#ZLWK#JLYHQ#FKDQJHV#LQ#DLU#TXDOLW\#LQ
HDFK#JULG#FHOO1##7KH#QDWLRQDO#LQFLGHQFH#FKDQJH#+RU#WKH
FKDQJHV#ZLWKLQ# LQGLYLGXDO#VWDWHV#RU#FRXQWLHV,# LV#WKHQ
FDOFXODWHG#DV#WKH#VXP#RI#JULG0FHOO0VSHFLILF#FKDQJHV1##7R
FDOFXODWH#FKDQJHV#LQ#SRSXODWLRQ#H[SRVXUH#LQ#D#JULG#FHOO/
&$306#UHTXLUHV#GDWD#RQ#WKH#SRSXODWLRQ#LQ#WKH#JULG0
FHOO#DQG#WKH#FKDQJH#LQ#DLU#TXDOLW\1

)LUVW/#JULG0FHOO0VSHFLILF#SRSXODWLRQ#FRXQWV#IRU#4<<3
DUH# GHULYHG# IURP# 8161# &HQVXV# %XUHDX# EORFN# OHYHO
SRSXODWLRQ#GDWD#+:HVVH[/#4<<7,1##)XWXUH#\HDU#JULG0FHOO
SRSXODWLRQ#HVWLPDWHV#DUH#WKHQ#H[WUDSRODWHG#IURP#4<<3
JULG0FHOO#SRSXODWLRQ# OHYHOV#XVLQJ#WKH#UDWLR#RI#IXWXUH0
\HDU# DQG# 4<<3# VWDWH0OHYHO# SRSXODWLRQ# HVWLPDWHV
SURYLGHG#E\#WKH#8161#%XUHDX#RI#(FRQRPLF#$QDO\VLV
+4<<8,1##&$306#DVVXPHV#WKDW#DOO#JULG#FHOO#SRSXODWLRQV
LQ#D#VWDWH#JURZ#DW#WKH#VDPH#UDWH#DV#WKH#VWDWH#SRSXODWLRQ
DV#D#ZKROH#+ZKHUH#D#JULG#FHOO#LV#GHILQHG#DV#EHLQJ#LQ#D
VWDWH#LI#WKH#JULG#FHOO#FHQWURLG#LV#LQ#WKH#VWDWH,1

6HFRQG/#&$306# UHTXLUHV# HVWLPDWHV# RI# WZR# DLU
TXDOLW\#UHJLPHV#DW#&$306#JULG#FHOO#FHQWHUV=#EDVHOLQH
+LQ# WKLV#FDVH/# 4<<3,#DLU#TXDOLW\# OHYHOV#DQG# UHJXODWRU\
DOWHUQDWLYH#DLU#TXDOLW\#OHYHOV#LQ#IXWXUH#\HDUV#+LQ#WKLV#FDVH/
5333#DQG#5343,1##$LU#TXDOLW\#LQSXWV#WR#&$306#IRU#SUH0
DQG# 3RVW0&$$$# VFHQDULRV#PXVW# XVH# WKH# DYHUDJLQJ
WLPH#UHTXLUHG#E\#WKH#&05#IXQFWLRQV#EHLQJ#XVHG1 ##)RU5

H[DPSOH/#D#&05#IXQFWLRQ#UHODWLQJ#PRUWDOLW\#WR#DQQXDO
PHGLDQ# 30 # FRQFHQWUDWLRQV# UHTXLUHV# WKDW# DQQXDO518
PHGLDQ#30 #FRQFHQWUDWLRQV#EH#DYDLODEOH#DW#&$306518
JULG#FHOO#FHQWHUV1##$OWKRXJK#WKH#LQSXW#30 #GDWD#PXVW518
EH#LQ#WKH#IRUP#RI#GDLO\#DYHUDJHV/#WKH#PRQLWRUV#QHHG
QRW#EH#DW#&$306#JULG#FHOO#FHQWHUV1##*LYHQ#DQ\#VHW#RI
ORFDWLRQ0VSHFLILF#DLU#TXDOLW\#GDWD/#&$306#LQWHUSRODWHV
WKH#FRUUHVSRQGLQJ#DLU#TXDOLW\#YDOXHV#DW#HDFK#&$306
JULG#FHOO#FHQWHU1

7R#UHGXFH#FRPSXWDWLRQDO#WLPH#ZKHQ#HVWLPDWLQJ
WKH# FKDQJH# LQ# KHDOWK# HIIHFWV# DVVRFLDWHG# ZLWK# GDLO\
SROOXWLRQ# OHYHOV/#&$306# DSSUR[LPDWHV# D# \HDU·V# +RU
VHDVRQ*V,#ZRUWK#RI#GDLO\#SROOXWDQW#FRQFHQWUDWLRQV#DW
HDFK# PRQLWRU# E\# 53# ´ELQVµ# RI# SROOXWDQW
FRQFHQWUDWLRQV1##(DFK#ELQ#UHSUHVHQWV#ILYH#SHUFHQW#RI
WKH# GDLO\#SROOXWDQW# FRQFHQWUDWLRQV# LQ# WKH#SHULRG#RI
LQWHUHVW/#DQG#LV#VHW#DW#WKH#PLGSRLQW#RI#WKH#SHUFHQWLOH
UDQJH#LW#UHSUHVHQWV1##)RU#Q# #53#DQG#D#\HDU*V#ZRUWK#RI
REVHUYDWLRQV/#WKH#ILUVW#ELQ#UHSUHVHQWV#WKH#ILUVW#+ORZHVW,
ILYH# SHUFHQW# RI# WKH# GLVWULEXWLRQ# RI# 698# SROOXWDQW
FRQFHQWUDWLRQV#DW#WKH#JLYHQ#ORFDWLRQ/#DQG#LV#VHW#DW#WKH
518WK#SHUFHQWLOH#YDOXH>#WKH#VHFRQG#ELQ#UHSUHVHQWV#WKH
QH[W#ILYH#SHUFHQW#RI#WKH#GLVWULEXWLRQ#RI#GDLO\#YDOXHV/

7KH#GHYHORSPHQW#RI#&05#IXQFWLRQV#LV#GLVFXVVHG#ODWHU#LQ#WKLV5

DSSHQGL[1
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DQG# LV# VHW# DW# WKH# :18WK#SHUFHQWLOH# YDOXH/# DQG# VR#RQ1 WKH#DYHUDJH#DLU#TXDOLW\#IRU#WKDW#JULG#FHOO1##&RQYHUVHO\/
(DFK#RI# WKH# WZHQW\#ELQV# WKHUHIRUH# UHSUHVHQWV# 4;158 PRQLWRUV# WKDW# DUH# IXUWKHU# DZD\# UHFHLYH# OHVV#ZHLJKW1
+ 698253,#GD\V1##,QWHUSRODWLRQ#RI#DLU#TXDOLW\#OHYHOV#DW $IWHU# GHWHUPLQLQJ# WKH# ILQDO# VHW# RI# VXUURXQGLQJ
&$306# JULG# FHOO# FHQWHUV# LV# EDVHG# RQ# WKHVH# LQSXW PRQLWRUV/#WKH#JULG#FHOO·V#DLU#TXDOLW\#OHYHO#LV#FDOFXODWHG#DV
ORFDWLRQ0VSHFLILF# ELQV/# VR# WKDW# WKH# DQQXDO# LQFLGHQFH DQ#LQYHUVH/#GLVWDQFH0ZHLJKWHG#DYHUDJH#RI#WKH#DLU#TXDOLW\
FKDQJHV# LQ# HDFK# JULG# FHOO# DUH# FDOFXODWHG# IRU# WZHQW\ OHYHOV#DW#WKH#VHOHFWHG#PRQLWRUV1
SROOXWDQW#FRQFHQWUDWLRQV# +WKH# 53#ELQV#RI#DLU#TXDOLW\,
UDWKHU# WKDQ# IRU# 698#SROOXWDQW# FRQFHQWUDWLRQV1# #7KH $LU#TXDOLW\#HVWLPDWHV#JHQHUDWHG#XVLQJ# WKLV#91$
UHVXOWLQJ#LQFLGHQFH#FKDQJH#LV#WKHQ#PXOWLSOLHG#E\#4;158 PHWKRG#DUH#OLNHO\#WR#EH#PRVW#XQFHUWDLQ#DW#SRSXODWLRQ
WR# UHFRQVWUXFW# DQ# HQWLUH# \HDUV·#ZRUWK# RI# LQFLGHQFH JULG# FHOO# ORFDWLRQV# IDU# UHPRYHG# IURP# WKH# QHDUHVW
FKDQJH#LQ#WKH#&$306#JULG#FHOO1 PRQLWRU1# #)RU#H[DPSOH/# LI#D#JULG#FHOO#HQFRPSDVVHV#D

$V#VKRZQ# LQ#)LJXUH#4/#DFWXDO#DPELHQW#SROOXWLRQ GLVWDQW,# PRQLWRUV# DUH# PHDVXULQJ# DLU# TXDOLW\# LQ
GDWD#LV#RQO\#DYDLODEOH#IURP#OLPLWHG#PRQLWRU#VLWHV1##'DWD LQGXVWULDOL]HG#XUEDQ#DUHDV/#WKH#91$#PHWKRG#GHVFULEHG
PXVW# EH# H[WUDSRODWHG# WR# XQPRQLWRUHG# ORFDWLRQV/# LQ DERYH#ZLOO#RYHUHVWLPDWH# WKH#SROOXWLRQ# OHYHO# IRU# WKDW
RUGHU#WR#HVWLPDWH#WKH#LPSDFW#RI#DLU#SROOXWLRQ#RQ#WKH JULG# FHOO1# # $V# D# UHVXOW/# WKLV# PRQLWRU0EDVHG# 91$
KHDOWK#DQG#ZHOIDUH#HIIHFWV#FRQVLGHUHG#LQ#WKLV#DQDO\VLV1 H[WUDSRODWLRQ#PHWKRG#LV#XVHG#RQO\#DW#JULG#FHOOV#ORFDWHG
7KH#DYDLODEOH#DLU#PRQLWRULQJ#GDWD#ZHUH#H[WUDSRODWHG ZLWKLQ#83#NLORPHWHUV#RI#DQ#DLU#SROOXWLRQ#PRQLWRU1
IURP#DOO#DYDLODEOH#PRQLWRU#ORFDWLRQV#WR#D#JULG#RI#HLJKW
NP#E\#HLJKW#NP#SRSXODWLRQ#JULG0FHOOV#WKURXJKRXW#WKH $W#GLVWDQFHV#JUHDWHU# WKDQ# 83#NLORPHWHUV# IURP#D
FRQWLJXRXV# 7;# VWDWHV/# XVLQJ# D# 9RURQRL# QHLJKERU PRQLWRU/#DGGLWLRQDO#LQIRUPDWLRQ#LV#QHHGHG#WR#LPSURYH
DYHUDJLQJ#+91$,#VSDWLDO#LQWHUSRODWLRQ#SURFHGXUH1 WKH#HVWLPDWHV#RI#DLU#TXDOLW\#LQ#XQPRQLWRUHG#DUHDV1##$6

7KH# 91$# SURFHGXUH# LQWHUSRODWHV# DLU# TXDOLW\ GDWD#DQG#DLU#TXDOLW\#PRGHOLQJ#SUHGLFWLRQV#LV#HPSOR\HG
HVWLPDWHV# IURP# WKH# VHW# RI# VXUURXQGLQJ# DLU# TXDOLW\ DW# WKHVH# JULG# FHOO# ORFDWLRQV1# # ,Q# DGGLWLRQ# WR# WKH
PRQLWRUV# WR#WKH#FHQWHU#RI#HDFK#SRSXODWLRQ#JULG0FHOO1 GLVWDQFH0ZHLJKWHG# DYHUDJLQJ# RI# PRQLWRU
7KH# 91$# SURFHGXUH# LV# D# JHQHUDOL]DWLRQ# RI# SODQDU FRQFHQWUDWLRQV/# WKLV#PRGLILHG#H[WUDSRODWLRQ#PHWKRG
LQWHUSRODWLRQ1# # 5DWKHU# WKDQ# DUELWUDULO\# OLPLWLQJ# WKH LQFRUSRUDWHV#D#VSDWLDO#DGMXVWPHQW#IDFWRU#WKDW#UHIOHFWV
VHOHFWLRQ# RI# PRQLWRUV/# 91$# LGHQWLILHV# WKH# VHW# RI WKH#UDWLR#RI#PRGHO0GHULYHG#DLU#TXDOLW\#SUHGLFWLRQV#DW
PRQLWRUV# WKDW#EHVW# ´VXUURXQGVµ# WKH# FHQWHU#RI# HDFK WKH#WDUJHW#DQG#VRXUFH#ORFDWLRQV1##7KH#DGGLWLRQ#RI#WKH
JULG0FHOO# E\# LGHQWLI\LQJ# ZKLFK# PRQLWRU# LV# FORVHVW PRGHOLQJ# UHVXOWV# KHOSV# DFFRXQW# IRU# GLIIHUHQFHV# LQ
+FRQVLGHULQJ# ERWK# DQJXODU# GLUHFWLRQ# DQG# KRUL]RQWDO JHRJUDSK\/#PHWHRURORJ\/# ODQG#XVH#DQG#RWKHU#IDFWRUV
GLVWDQFH,#LQ#HDFK#GLUHFWLRQ#IURP#WKH#JULG0FHOO#FHQWHU1 DIIHFWLQJ#DLU#SROOXWLRQ# OHYHOV#EHWZHHQ#WKH#WDUJHW#DQG
(DFK# VHOHFWHG# PRQLWRU# ZLOO# OLNHO\# EH# WKH# FORVHVW VRXUFH# DUHDV1# # $GGLWLRQDO# GHWDLOV# RQ# ERWK# 91$
PRQLWRU#IRU#PXOWLSOH#GLUHFWLRQV1##7KH#VHW#RI#PRQLWRUV H[WUDSRODWLRQ#PHWKRGV#FDQ#EH#IRXQG#LQ#$EW#$VVRFLDWHV
IRXQG#XVLQJ#WKLV#DSSURDFK#IRUPV#D#SRO\JRQ#DURXQG#WKH +4<<<,1
JULG0FHOO#FHQWHU1

)RU#HDFK#JULG#FHOO/#&$306#FDOFXODWHV#WKH#GLVWDQFH
WR#HDFK#PHPEHU#RI#D#VHW#RI#PRQLWRUV#VXUURXQGLQJ#WKDW
JULG#FHOO1##0RQLWRUV#FORVH#WR#WKH#JULG#FHOO#DUH#DVVXPHG
WR#\LHOG#D#PRUH#DFFXUDWH#DLU#TXDOLW\#GHVFULSWLRQ#RI#WKDW
JULG#FHOO/#DQG#DUH#JLYHQ#D#ODUJHU#ZHLJKW#ZKHQ#FDOFXODWLQJ

UHODWLYHO\#XQSROOXWHG#UXUDO#DUHD/#EXW#WKH#QHDUHVW#+DOEHLW

PRGLILHG#91$#PHWKRG#LQFRUSRUDWLQJ#ERWK#PRQLWRU

)RU# ORFDWLRQV# ZLWKLQ# 83# NLORPHWHUV# RI# D# PRQLWRU/# WKH6

LQWHUSRODWLRQ#PHWKRG#LV#WKH#VDPH#DV#WKDW#XVHG#E\#$EW#$VVRFLDWHV
+4<<;,# IRU# WKH# 12 # 6,3# FDOO# DQDO\VLV># SUHYLRXVO\# WHUPHG# WKH[
%FRQYH[# SRO\JRQ%#PHWKRG/# LW# LV#PRUH# DFFXUDWHO\# GHVFULEHG# DV
9RURQRL#QHLJKERU#DYHUDJLQJ# +91$,#VSDWLDO# LQWHUSRODWLRQ/#ZKLFK
ZLOO#EH#XVHG#WKURXJKRXW#WKLV#GRFXPHQW1



494 CO Monitors

761 SO2 Monitors

348 NO2 Monitors

2048 PM Monitors

841 Ozone Monitors
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Figure D-1
Location of Air Quality Monitors
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The Benefits and Costs of the Clean Air Act, 1990 to 2010

D-5

Quantifying Human Health Effects of
Exposure

7R# FDOFXODWH# SRLQW# HVWLPDWHV# RI# WKH# FKDQJHV# LQ
LQFLGHQFH#RI#D#JLYHQ#VHOHFWLRQ#RI#DGYHUVH#KHDOWK#DQG
ZHOIDUH#HIIHFWV#DVVRFLDWHG#ZLWK#D#JLYHQ#VHW#RI#DLU#TXDOLW\
FKDQJHV/#&$306#SHUIRUPV# WKH# IROORZLQJ# VWHSV# IRU
HDFK#JULG#FHOO=#+4,#,QWHUSRODWLRQ#RI#WKH#DLU#TXDOLW\#LQ#WKH
EDVHOLQH#VFHQDULR#DQG#LQ#WKH#FRQWURO#VFHQDULR#DW#HDFK
&$306# JULG# FHOO# FHQWHU# IRU# HDFK# SROOXWDQW1# # +5,
&DOFXODWLRQ#RI#WKH#FKDQJHV#LQ#DLU#TXDOLW\#IURP#EDVHOLQH
WR# FRQWURO# VFHQDULR# LQ# WKH#&$306# JULG# FHOO1# #7KH
FKDQJHV#LQ#DLU#TXDOLW\#DUH#FDOFXODWHG#DV#WKH#GLIIHUHQFHV
EHWZHHQ# WKH# EDVHOLQH# ELQV# DQG# WKH# FRUUHVSRQGLQJ
FRQWURO#VFHQDULR#ELQV1##+6,#,GHQWLILFDWLRQ#RI#WKH#VHOHFWHG
&05#IXQFWLRQV#EHLQJ#XVHG/#DQG#WKH#UHTXLUHG#EDVHOLQH
LQFLGHQFH#UDWHV#DQG#WKH#UHOHYDQW#JULG#FHOO#SRSXODWLRQ1
+7,#&DOFXODWLRQ# RI# WKH# FKDQJH# LQ# LQFLGHQFH# RI# HDFK
DGYHUVH#KHDOWK#HIIHFW# IRU#ZKLFK#D#&05# IXQFWLRQ#KDV
EHHQ#LGHQWLILHG1##7KH#UHVXOWLQJ#DQQXDO#LQFLGHQFH#FKDQJH
IRU#HDFK#JULG#FHOO#LV#WKHQ#VXPPHG#ZLWK#WKRVH#RI#WKH
RWKHU#JULG#FHOOV/#WR#FDOFXODWH#WKH#HVWLPDWHG#FKDQJH#LQ
LQFLGHQFH#QDWLRQZLGH1

Types of Health Studies

5HVHDUFK#RQ# WKH#KHDOWK# HIIHFWV#RI# DLU#SROOXWLRQ
VWURQJO\#VXJJHVWV#WKDW#UHGXFWLRQV#LQ#WKH#LQFLGHQFH#RI
DGYHUVH#KHDOWK#HIIHFWV#DUH#D#VLJQLILFDQW#EHQHILW#RI#DLU
SROOXWLRQ#FRQWURO1##7KH#DYDLODEOH#KXPDQ#KHDOWK#VWXGLHV
WKDW# FRXOG# VHUYH# DV# WKH# EDVLV# RI# WKH# VHFWLRQ# ;45
SURVSHFWLYH# DVVHVVPHQW# FDQ# EH# FDWHJRUL]HG# LQWR
FKDPEHU#VWXGLHV#DQG#HSLGHPLRORJ\#VWXGLHV1##&KDPEHU
VWXGLHV# LQYROYH#H[DPLQDWLRQ#RI#KXPDQ#UHVSRQVHV#WR
FRQWUROOHG# FRQGLWLRQV# LQ# D# ODERUDWRU\# VHWWLQJ/#ZKLOH
HSLGHPLRORJLFDO# VWXGLHV# LQYHVWLJDWH# WKH# DVVRFLDWLRQ
EHWZHHQ# H[SRVXUH# WR# DPELHQW# DLU# SROOXWLRQ# DQG
REVHUYHG#KHDOWK# HIIHFWV# LQ# D# VWXG\#SRSXODWLRQ1#7KH
UHODWLYH#DGYDQWDJHV#RI#UHOLDQFH#RQ#HDFK#W\SH#RI#UHVHDUFK
DUH#GHVFULEHG#EHORZ1

Chamber Studies

&KDPEHU#VWXGLHV#RI#DLU#SROOXWLRQ#LQYROYH#H[SRVLQJ
KXPDQ#VXEMHFWV#WR#YDULRXV#OHYHOV#RI#DLU#SROOXWLRQ#LQ#D
FDUHIXOO\# FRQWUROOHG# DQG# PRQLWRUHG# ODERUDWRU\
VLWXDWLRQ1# #7KH#SK\VLFDO#FRQGLWLRQ#RI# WKH#VXEMHFWV# LV
PHDVXUHG# EHIRUH/# GXULQJ# DQG# DIWHU# WKH# H[SRVXUH1

7KHVH#PHDVXUHPHQWV#FDQ#LQFOXGH#JHQHUDO#ELRPHGLFDO
LQIRUPDWLRQ# +H1J1/# SXOVH# UDWH# DQG# EORRG# SUHVVXUH,/
SK\VLRORJLFDO# HIIHFWV# VSHFLILFDOO\# LQGXFHG# E\# WKH
SROOXWDQW# +H1J1/# DOWHUHG# OXQJ# IXQFWLRQ,/# WKH#RQVHW#RI
V\PSWRPV#+H1J1/#ZKHH]LQJ#RU#FKHVW#SDLQ,/#RU#WKH#DELOLW\
RI# WKH# LQGLYLGXDO# WR# SHUIRUP# VSHFLILF# SK\VLFDO# RU
FRJQLWLYH#WDVNV#+H1J1/#PD[LPXP#VXVWDLQDEOH#VSHHG#RQ#D
WUHDGPLOO,1##7KHVH#VWXGLHV#RIWHQ#LQYROYH#H[SRVLQJ#WKH
LQGLYLGXDOV# WR# SROOXWDQWV# ZKLOH# H[HUFLVLQJ/# ZKLFK
LQFUHDVHV# UHVSLUDWLRQ# DQG# WKH# DPRXQW# RI# SROOXWLRQ
LQWURGXFHG#LQWR#WKH#OXQJV1

2QH#DGYDQWDJH#RI#FKDPEHU#VWXGLHV#LV#WKDW#WKH\#FDQ
SRWHQWLDOO\#HVWDEOLVK#FDXVH0HIIHFW#UHODWLRQVKLSV#EHWZHHQ
SROOXWDQWV# DQG# FHUWDLQ# KXPDQ# KHDOWK# HIIHFWV1# # ,Q
DGGLWLRQ/#UHSHDWHG#H[SHULPHQWV#DOWHULQJ#WKH#SROOXWDQW
OHYHO/# H[HUFLVH# UHJLPH/# DQG# W\SH#RI#SDUWLFLSDQWV# FDQ
SRWHQWLDOO\# LGHQWLI\# HIIHFW# WKUHVKROGV/# WKH# LPSDFW#RI
UHFRYHU\# +UHVW,# SHULRGV/# DQG# WKH# GLIIHUHQFHV# LQ
UHVSRQVH# DPRQJ# SRSXODWLRQ# JURXSV1# # :KLOH# FRVW
FRQVLGHUDWLRQV# WHQG# WR# OLPLW# WKH# QXPEHU# RI
SDUWLFLSDQWV#DQG#H[SHULPHQWDO#YDULDQWV#H[DPLQHG#LQ#D
VLQJOH# VWXG\/# FKDPEHU# VWXGLHV# FDQ# IROORZ# ULJRURXV
ODERUDWRU\# VFLHQWLILF# SURWRFROV/# VXFK# DV# WKH# XVH# RI
SODFHERV# +FOHDQ# DLU,# WR# HVWDEOLVK# D#EDVHOLQH# OHYHO#RI
HIIHFWV# DQG# SUHFLVH#PHDVXUHPHQW# RI# FHUWDLQ# KHDOWK
HIIHFWV#RI#FRQFHUQ1

7KHUH#DUH#GUDZEDFNV#WR#XVLQJ#FKDPEHU#VWXGLHV#DV
WKH# EDVLV# IRU# D# FRPSUHKHQVLYH# EHQHILWV# DQDO\VLV1
&KDPEHU#VWXGLHV#DUH#PRVW#DSSURSULDWH#IRU#H[DPLQLQJ
DFXWH#V\PSWRPV#FDXVHG#E\#H[SRVXUH#WR#D#SROOXWDQW#IRU
D#IHZ#KRXUV1##:KLOH#WKLV#SHUPLWV#H[DPLQDWLRQ#RI#VRPH
LPSRUWDQW#KHDOWK#HIIHFWV#IURP#DLU#SROOXWLRQ/#VXFK#DV
EURQFKR0FRQVWULFWLRQ#LQ#DVWKPDWLF#LQGLYLGXDOV#FDXVHG
E\#VXOIXU#GLR[LGH/#LW#SUHFOXGHV#VWXG\LQJ#HIIHFWV#FDXVHG
E\# ORQJ# WHUP# H[SRVXUH1# #$QRWKHU#GUDZEDFN# LV# WKDW
KHDOWK# HIIHFWV# PHDVXUHG# LQ# VRPH# ZHOO0GHVLJQHG
FKDPEHU#VWXGLHV#DUH#VHOHFWHG#RQ#WKH#EDVLV#RI#WKH#DELOLW\
WR#PHDVXUH#SUHFLVHO\# DQ# HIIHFW/# IRU# H[DPSOH# IRUFHG
H[SLUDWRU\# YROXPH/# UDWKHU# WKDQ# D# ODUJHU# V\PSWRP1
6RPH#RI#WKHVH#PHDVXUDEOH#EXW#UHODWLYHO\#PLQRU#KHDOWK
HIIHFWV/#VXFK#DV#UHGXFHG#OXQJ#IXQFWLRQ/#KDYH#DQ#XQFOHDU
LPSDFW# RQ# IXWXUH# PHGLFDO# FRQGLWLRQ# DQG# OLIHVW\OH/
DOWKRXJK#VRPH#UHVHDUFK#GLVFXVVHG#ODWHU#KDV#DGGUHVVHG
WKLV#TXHVWLRQ1

(WKLFDO#FRQVLGHUDWLRQV# LQ#H[SHULPHQWV# LQYROYLQJ
KXPDQV#DOVR#LPSRVH#LPSRUWDQW#OLPLWV#RQ#WKH#SRWHQWLDO
VFRSH#RI#FKDPEHU#UHVHDUFK1##&KURQLF#HIIHFWV#FDQQRW#EH



The Benefits and Costs of the Clean Air Act, 1990 to 2010

D-6

LQYHVWLJDWHG# EHFDXVH# SHRSOH# FDQQRW# EH# NHSW# LQ
FRQWUROOHG#FRQGLWLRQV#IRU#DQ#H[WHQGHG#SHULRG#RI#WLPH/
DQG#EHFDXVH#FKURQLF#HIIHFWV#DUH#JHQHUDOO\#LUUHYHUVLEOH1
3DUWLFLSDWLRQ#LV#JHQHUDOO\#UHVWULFWHG#WR#KHDOWK\#VXEMHFWV/
RU# DW# OHDVW# H[FOXGHV# SHRSOH# ZLWK# H[LVWLQJ# KHDOWK
FRQGLWLRQV#WKDW#FRPSURPLVH#WKHLU#VDIH#LQFOXVLRQ#LQ#WKH
VWXG\1# #7KLV#FDQ#UHVXOW# LQ#D# ODFN#RI# #GLUHFW#HYLGHQFH
DERXW#SRSXODWLRQV#RI#PRVW#FRQFHUQ/#VXFK#DV#SHRSOH
ZKR#DOUHDG\#KDYH#VHULRXV#UHVSLUDWRU\#GLVHDVHV1##(WKLFDO
FRQVLGHUDWLRQV# DOVR# OLPLW# H[SHULPHQWDO# SROOXWDQW
FRQFHQWUDWLRQV# WR#UHODWLYHO\#PRGHVW#H[SRVXUH# OHYHOV/
DQG# FRQILQH# VWXGLHV# WR# H[DPLQLQJ# RQO\#PLOG# KHDOWK
HIIHFWV#WKDW#DUH#EHOLHYHG#WR#GR#QR#SHUPDQHQW#GDPDJH1
2EYLRXVO\/#IRU#HWKLFDO#UHDVRQV/#HYLGHQFH#IURP#FKDPEHU
VWXGLHV# FDQQRW# EH# REWDLQHG# RQ# WKH# SRVVLEOH
UHODWLRQVKLS# EHWZHHQ# SROOXWLRQ# DQG#PRUWDOLW\/# KHDUW
DWWDFN/#VWURNHV/#RU#FDQFHU1

7KH#LQIRUPDWLRQ#GHULYHG#IURP#FKDPEHU#UHVHDUFK
UDLVHV#VRPH#TXHVWLRQV#DV#WR#KRZ#ZHOO#LW#DSSOLHV#WR#WKH
JHQHUDO# SRSXODWLRQ# DQG# WKHLU# DFWLYLW\# SDWWHUQV# DQG
SROOXWLRQ#H[SRVXUHV1##+4,#7KH#GRVH0UHVSRQVH#IXQFWLRQV
GHYHORSHG#IURP#FKDPEHU#UHVHDUFK#DUH#VSHFLILF#WR#WKH
SRSXODWLRQ# SDUWLFLSDWLQJ# LQ# WKH# VWXG\1# # &KDPEHU
VWXGLHV#W\SLFDOO\#VWXG\#D#VPDOO#SRSXODWLRQ#00#FHUWDLQO\
PXFK# VPDOOHU# WKDQ# WKRVH# W\SLFDOO\# HYDOXDWHG# LQ
HSLGHPLRORJLFDO#VWXGLHV#+GLVFXVVHG#EHORZ,#00#VR#WKHUH
DUH# FRQFHUQV# WKDW# WKH# UHVXOWV#PD\#QRW# DSSO\# WR# WKH
PXFK# ODUJHU# DQG# OLNHO\# PRUH# GLYHUVH# JHQHUDO
SRSXODWLRQ1# # +5,# &KDPEHU# VWXGLHV# HYDOXDWH# RQO\# D
FHUWDLQ#QXPEHU#RI#DFWLYLW\#SDWWHUQV#+H1J1/#H[HUFLVH,/#DQG
FDQQRW#UHSOLFDWH#WKH#GLYHUVH#SDWWHUQ#RI#DFWLYLW\#VHHQ#LQ
WKH#FRXUVH#RI#D#GD\1##+6,#&KDPEHU#VWXGLHV#FDQQRW#HDVLO\
UHSOLFDWH#WKH#YDULHG#SROOXWLRQ#OHYHOV#WR#ZKLFK#SHRSOH
DUH#H[SRVHG#GXULQJ#WKH#FRXUVH#RI#WKHLU#GD\#DW#ZRUN/#RQ
WKH#IUHHZD\/#DW#KRPH/#DQG#RWKHU#SODFHV1

$V# GLVFXVVHG# EHORZ# LQ# WKH# VHFWLRQ# RQ# KHDOWK
HIIHFWV#VWXG\#VHOHFWLRQ/#WKH#JHQHUDOL]DELOLW\#RI#UHVXOWV#LV
DQ#LPSRUWDQW#IDFWRU#LQ#WKLV#DQDO\VLV1##6WXGLHV#WKDW#XVH#D
ODUJH/#GLYHUVH#JURXS#RI#VXEMHFWV#DUH#HDVLHU#WR#DSSO\#WR
WKH# JHQHUDO# SRSXODWLRQ# WKDQ# VWXGLHV# XVLQJ# VPDOOHU/
QDUURZO\#GHILQHG#JURXS#RI#VXEMHFWV1# #7KLV#GRHV#QRW/
KRZHYHU/# UXOH#RXW#VWXGLHV# WKDW# IRFXV#RQ#DVWKPDWLFV/
FKLOGUHQ/#RU# WKH# HOGHUO\/# VLQFH# WKHVH#JURXSV#PD\#EH
SDUWLFXODUO\#VHQVLWLYH#WR#DLU#SROOXWLRQ1##6LPLODUO\/#VWXGLHV
WKDW#XVH#H[SRVXUH#UHJLPHV#DQG#H[HUFLVH#OHYHOV#VLPLODU#WR
ZKDW# ODUJH#JURXSV#RI# WKH#SRSXODWLRQ#H[SHULHQFH#DUH
HDVLHU# WR# DSSO\# LQ# D# EHQHILWV# PRGHO# WKDQ# DUH# OHVV
UHSUHVHQWDWLYH#VWXGLHV1

Epidemiological Studies

(SLGHPLRORJLFDO#VWXGLHV#SUHVHQW#WKH#UHVXOWV#RI#D
VWDWLVWLFDO#DQDO\VLV#RI#WKH#UHODWLRQVKLS#EHWZHHQ#DPELHQW
SROOXWLRQ#H[SRVXUH#DQG#DGYHUVH#KHDOWK#HIIHFWV1# #7KH
GDWD# IRU# WKHVH# VWXGLHV# LQFOXGHV# DPELHQW# DLU# TXDOLW\
PRQLWRULQJ#GDWD#DQG#DGYHUVH#KHDOWK#HIIHFWV#GDWD#VXFK
DV# PRUWDOLW\# LQFLGHQFH# +H1J1/# 1DWLRQDO# &HQWHU# IRU
+HDOWK# 6WDWLVWLFV/# 4<<7,/# KRVSLWDO# DGPLVVLRQV# +H1J1/
*UDYHV#DQG#*LOOXP/#4<<:,/#TXHVWLRQQDLUHV#+H1J1/#$GDPV
DQG#0DUDQR/#4<<8,/#DQG#GLDULHV#WKDW#DUH#NHSW#E\#VWXG\
SDUWLFLSDQWV#RYHU#D#SHULRG#RI#WLPH#+H1J1/#2VWUR#HW#DO1/
4<<4,1

$W# OHDVW# WR# VRPH# H[WHQW/# WKHVH# HVWLPDWHG
UHODWLRQVKLSV#LPSOLFLWO\#WDNH#LQWR#DFFRXQW#FRPSOH[#UHDO0
ZRUOG#KXPDQ#DFWLYLW\#SDWWHUQV# +LQFOXGLQJ#DFWLRQV# WR
DYRLG#DLU#SROOXWLRQ,/#VSDWLDO#DQG#WHPSRUDO#GLIIHUHQFHV
LQ#DLU#SROOXWLRQ#GLVWULEXWLRQV/#DQG#SRVVLEOH#V\QHUJLVWLF
HIIHFWV#RI#PXOWLSOH#SROOXWDQWV1##(SLGHPLRORJLFDO#VWXGLHV
W\SLFDOO\# LQYROYH#D# ODUJH#QXPEHU#RI#SHRSOH#DQG#PD\
QRW#VXIIHU#DV#PXFK#IURP#WKH#H[WUDSRODWLRQ#SUREOHPV
FRPPRQ# WR# FKDPEHU# VWXGLHV/# ZKLFK# RIWHQ# KDYH# D
OLPLWHG#QXPEHU#RI#VXEMHFWV1##,Q#DGGLWLRQ/#REVHUYDEOH
KHDOWK# HQGSRLQWV# DUH# PHDVXUHG/# XQOLNH# FKDPEHU
VWXGLHV/#ZKLFK#RIWHQ#PRQLWRU#HQGSRLQWV#WKDW#GR#QRW
UHVXOW# LQ# REVHUYDEOH# KHDOWK# HIIHFWV# +H1J1# IRUFHG
H[SLUDWRU\#YROXPH,1

7ZR# W\SHV# RI# HSLGHPLRORJLFDO# VWXGLHV# DUH
FRQVLGHUHG# IRU# LQFOXVLRQ# LQ# WKLV#DQDO\VLV=# LQGLYLGXDO0
OHYHO#FRKRUW# VWXGLHV#DQG#SRSXODWLRQ0OHYHO#HFRORJLFDO
VWXGLHV1##&RKRUW0EDVHG#VWXGLHV#WUDFN#LQGLYLGXDOV#RYHU
D#FHUWDLQ#SHULRG#RI#WLPH/#ZLWK#SHULRGLF#HYDOXDWLRQ#RI
WKH# LQGLYLGXDOV·#H[SRVXUH#DQG#KHDOWK#VWDWXV1##&RKRUW
VWXGLHV#FDQ#HLWKHU#IROORZ#D#JURXS#RI#LQLWLDOO\#GLVHDVH0
IUHH#LQGLYLGXDOV#IRUZDUG#LQ#WLPH#+D#SURVSHFWLYH#FRKRUW,
RU#JDWKHU#KLVWRULFDO#GDWD#RQ#H[SRVXUH#DQG#GLVHDVH#IRU
D#JLYHQ#JURXS#+D#UHWURVSHFWLYH#FRKRUW,1##6WXGLHV#DERXW
UHODWLYHO\# UDUH# HYHQWV# VXFK# DV# FDQFHU# LQFLGHQFH# RU
PRUWDOLW\#FDQ#UHTXLUH#WUDFNLQJ#WKH#LQGLYLGXDOV#RYHU#D
ORQJ#SHULRG#RI#WLPH/#ZKLOH#PRUH#FRPPRQ#HYHQWV#+H1J1/
UHVSLUDWRU\#V\PSWRPV,#RFFXU#ZLWK#VXIILFLHQW#IUHTXHQF\
WR#HYDOXDWH#WKH#UHODWLRQVKLS#RYHU#D#VKRUWHU#WLPH#SHULRG1
$Q# LPSRUWDQW# IHDWXUH# RI# FRKRUW# VWXGLHV# LV# WKDW
LQIRUPDWLRQ# LV# FROOHFWHG# DERXW# HDFK# LQGLYLGXDO# WKDW
PD\#LQFOXGH#RWKHU#YDULDEOHV#WKDW#FRXOG#EH#FRUUHODWHG
ZLWK#ERWK#WKH#H[SRVXUH#DQG#WKH#GLVHDVH#RXWFRPH/#VXFK
DV#VPRNLQJ#RU#LQFRPH1##,I#LQYHVWLJDWRUV#GR#QRW#LGHQWLI\
DQG#FRQWURO#IRU#WKHVH#YDULDEOHV/#FDOOHG#FRQIRXQGHUV/#LQ
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D# VWXG\/# WKH\#PD\# SURGXFH# D# VSXULRXV# DVVRFLDWLRQ KHDOWK# HIIHFW># WKH\#FDQ#RQO\# LGHQWLI\#DVVRFLDWLRQV#RU
EHWZHHQ#DLU#SROOXWLRQ#DQG#DGYHUVH#KHDOWK#HIIHFWV1 FRUUHODWLRQV# EHWZHHQ# H[SRVXUH# DQG# WKH# KHDOWK

$#VHFRQG#W\SH#RI#VWXG\#XVHG#LQ#WKLV#DQDO\VLV#LV#D HSLGHPLRORJLFDO# VWXGLHV# 00# UHODWLYHO\# VHYHUH# KHDOWK
SRSXODWLRQ0OHYHO#HFRORJLFDO#VWXG\1##7KHVH#VWXGLHV#DVVHVV HIIHFWV# PD\# EH# REVHUYHG# LQ# D# ODUJH/# PRUH
WKH# UHODWLRQVKLS# EHWZHHQ# SRSXODWLRQ0ZLGH# KHDOWK KHWHURJHQHRXV#SRSXODWLRQ##00#HSLGHPLRORJLFDO#VWXGLHV
LQIRUPDWLRQ# +VXFK# DV# FRXQWV# IRU# GDLO\# PRUWDOLW\/ DUH#XVHG#DV#WKH#EDVLV#IRU#GHWHUPLQLQJ#WKH#PDMRULW\#RI
KRVSLWDO#DGPLVVLRQV/#RU#HPHUJHQF\#URRP#YLVLWV,#DQG KHDOWK# HIIHFWV# DQG# &05# IXQFWLRQV# LQ# WKLV# DQDO\VLV1
DPELHQW#OHYHOV#RI#DLU#SROOXWLRQ1##7KHUH#DUH#WZR#W\SHV#RI &KDPEHU#VWXGLHV#DUH#XVHG#LI#WKHUH#DUH#KHDOWK#HIIHFWV
VXFK#VWXGLHV=#FURVV0VHFWLRQDO#DQG#WLPH0VHULHV#VWXGLHV1 REVHUYHG# LQ# FKDPEHU# VWXGLHV# QRW# REVHUYHG# LQ
8VLQJ# GDWD# DW# D# SRLQW# LQ# WLPH# IURP# D# YDULHW\# RI HSLGHPLRORJLFDO#VWXGLHV/#VXFK#DV#VKRUWQHVV#RI#EUHDWK#LQ
ORFDWLRQV/# FURVV0VHFWLRQDO# VWXGLHV# H[DPLQH# WKH \RXQJ#DVWKPDWLFV# LQGXFHG#E\#62 # +H1J1/#/LQQ#HW#DO1/
UHODWLRQVKLS#EHWZHHQ#SROOXWLRQ#H[SRVXUH#DQG#DGYHUVH 4<;:,1
KHDOWK# HIIHFWV/#ZKLOH# WU\LQJ# WR# FRQWURO# FRQIRXQGLQJ
YDULDEOHV1##&URVV0VHFWLRQDO#VWXGLHV#DUH#QRW#DV#GHVLUDEOH
DV#SURVSHFWLYH#FRKRUW#VWXGLHV/#LQ#SDUW/#EHFDXVH#RI#WKHLU
IDLOXUH# WR# FRQWURO# IRU# LPSRUWDQW# FRYDULDWHV# VXFK# DV
VPRNLQJ1 ##5DWKHU#WKDQ#ORRN#DW#YDULHW\#RI#ORFDWLRQV#DW7

RQH#SRLQW#LQ#WLPH/#D#WLPH#VHULHV#DQDO\VLV#VWXGLHV#D#VLQJOH
ORFDWLRQ# DQG# W\SLFDOO\# H[DPLQHV# WKH# UHODWLRQVKLS
EHWZHHQ#GDLO\#FKDQJHV#LQ#DPELHQW#SROOXWLRQ#OHYHO#DQG
GDLO\#FKDQJHV#LQ#DGYHUVH#KHDOWK#HIIHFWV1##$Q#LPSRUWDQW
DGYDQWDJH#RI#WKH#WLPH0VHULHV#GHVLJQ#LV#WKDW#LW#DOORZV#WKH
SRSXODWLRQ#WR#VHUYH#DV#LWV#RZQ#FRQWURO#ZLWK#UHJDUG#WR
FHUWDLQ#IDFWRUV#VXFK#DV#UDFH#DQG#JHQGHU/#DQG# LV#WKXV
VLPLODU# WR#D#FRKRUW#VWXG\# +6FKZDUW]/# 4<<:/#S1# # 6:5,1
2WKHU# IDFWRUV#WKDW#FKDQJH#RYHU#WLPH#FDQ#DOVR#DIIHFW
KHDOWK#+WREDFFR/#DOFRKRO#DQG#LOOLFLW#GUXJ#XVH/#DFFHVV#WR
KHDOWK#FDUH/#HPSOR\PHQW/#DQG#QXWULWLRQ,1# #+RZHYHU/
VLQFH#VXFK#SRWHQWLDO#FRQIRXQGLQJ#IDFWRUV#DUH#XQOLNHO\
WR#YDU\# IURP#GD\# WR#GD\# LQ# WKH#VDPH#PDQQHU#DV#DLU
SROOXWLRQ#OHYHOV/#WKHVH#IDFWRUV#DUH#XQOLNHO\#WR#DIIHFW#WKH
PDJQLWXGH#RI# WKH# DVVRFLDWLRQ#EHWZHHQ# DLU#SROOXWLRQ
DQG#GDLO\#YDULDWLRQV#LQ#KXPDQ#KHDOWK#UHVSRQVHV1

'UDZEDFNV# WR# HSLGHPLRORJLFDO# VWXGLHV# LQFOXGH
GLIILFXOWLHV#DVVRFLDWHG#ZLWK#DGHTXDWHO\#FKDUDFWHUL]LQJ
H[SRVXUH# WR# LQGLYLGXDOV# +WKDW# WHQGV# WR# OHDG# WR# D
GRZQZDUG#ELDV#LQ#WKH#HVWLPDWHG#SROOXWLRQ0KHDOWK#HIIHFW
UHODWLRQVKLS,/#DQG#XQFRQWUROOHG#FRQIRXQGLQJ#YDULDEOHV/
WKDW#FDQ#SRWHQWLDOO\#OHDG#WR#VSXULRXV#FRQFOXVLRQV1##,Q
SDUWLFXODU/#DLU#SROOXWDQWV#DUH#RIWHQ#KLJKO\#FRUUHODWHG/#VR
LW# LV#GLIILFXOW# WR#GHWHUPLQH#ZKLFK#PD\#EH#DVVRFLDWHG
ZLWK#DQ#DGYHUVH#HIIHFW1##,Q#DGGLWLRQ/#HSLGHPLRORJLFDO
VWXGLHV/#E\#GHVLJQ/#DUH#XQDEOH#WR#GHILQLWLYHO\#SURYH#D
FDXVDO#UHODWLRQVKLS#EHWZHHQ#DQ#H[SRVXUH#DQG#D#JLYHQ

RXWFRPH1# #+RZHYHU/# JLYHQ# WKH#PDMRU# DGYDQWDJH#RI

5

Selection of C-R Functions

7KLV#VHFWLRQ#GHVFULEHV#WKH#PHWKRGV#XVHG#WR#GHULYH
WKH#&05#IXQFWLRQV#XVHG#LQ#WKLV#DQDO\VLV#WR#TXDQWLI\#WKH
HIIHFW# RI#&2/#12 /# 62 /#2 /# DQG#30#RQ#SHRSOH*V5 5 6
KHDOWK1##,W#GLVFXVVHV#WKH#JHQHUDO#LVVXHV#WKDW#DULVH#ZLWK
WKH#FKRLFH#DQG#XVH#RI#&05#IXQFWLRQV/#DQG#WKH#LVVXHV
VSHFLILF#WR#&05#IXQFWLRQV#IRU#PRUWDOLW\#DQG#PRUELGLW\1

C-R Function General Issues

Derivation of C-R Functions

)RU#H[SRVLWRU\#VLPSOLFLW\/#WKH#IROORZLQJ#GLVFXVVLRQ
IRFXVHV#RQ#30#&05#IXQFWLRQV/#DOWKRXJK#LW#DSSOLHV#WR
DOO#RI#WKH#KHDOWK#HIIHFWV#DQG#SROOXWDQWV#FRQVLGHUHG#LQ
WKH# ;45#SURVSHFWLYH# DQDO\VLV1# # ,Q#ZKDW# IROORZV/# WKH
KHDOWK#HIIHFW#HVWLPDWHG#LV#VLPSO\#GHQRWHG#DV#\/#DQG#LV
HVWLPDWHG#DW#D#VLQJOH#ORFDWLRQ#+SRSXODWLRQ#FHOO,/#ZKHUH
D#FKDQJH# LQ#30#DLU#TXDOLW\#+�30,#FRUUHVSRQGV#WR#D
FKDQJH#LQ#WKH#KHDOWK#HQGSRLQW#+�\,1##7KH#FDOFXODWLRQ#RI
�\#GHSHQGV#RQ#D#&05#IXQFWLRQ/#GHULYHG#W\SLFDOO\#IURP
DQ#HSLGHPLRORJLFDO#VWXG\1

7KHUH#DUH#D#YDULHW\#RI#HSLGHPLRORJLFDO#VWXGLHV#LQ
WKH# VFLHQFH# OLWHUDWXUH/# PDNLQJ# LW# LPSRUWDQW# WR
XQGHUVWDQG# WKH# QXDQFHV# RI# HDFK# VWXG\# EHIRUH
GHYHORSLQJ#D#&05#IXQFWLRQ1##'LIIHUHQW#HSLGHPLRORJLFDO
VWXGLHV#PD\#KDYH#HVWLPDWHG#WKH#UHODWLRQVKLS#EHWZHHQ
30# DQG# D# SDUWLFXODU# KHDOWK# HQGSRLQW# LQ# GLIIHUHQW
ORFDWLRQV1# # 7KH# &05# IXQFWLRQV# HVWLPDWHG# E\# WKHVH
VWXGLHV#PD\#GLIIHU# IURP#HDFK#RWKHU# LQ#VHYHUDO#ZD\V1
7KH\#PD\#KDYH#GLIIHUHQW#IXQFWLRQDO#IRUPV>#WKH\#PD\
KDYH#PHDVXUHG#30#FRQFHQWUDWLRQV#LQ#GLIIHUHQW#ZD\V>&ULWLFLVPV#RI#FURVV0VHFWLRQDO#VWXGLHV#DUH#FRQVLGHUHG#LQ#(YDQV7

HW#DO1#+4<;7,/#/LSIHUW#DQG#:\]JD#+4<<8,/#DQG#RWKHUV1#
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+4,

+5,

+6,

+7,

+8,

+9,

WKH\#PD\#KDYH#FKDUDFWHUL]HG#WKH#KHDOWK#HQGSRLQW/#\/#LQ
VOLJKWO\#GLIIHUHQW#ZD\V>#RU#WKH\#PD\#KDYH#FRQVLGHUHG
GLIIHUHQW# W\SHV#RI#SRSXODWLRQV1# #6RPH# VWXGLHV#KDYH
DVVXPHG# WKDW# WKH#UHODWLRQVKLS#EHWZHHQ#\#DQG#30# LV ZKHUH#WKH#SDUDPHWHU#%#LV#WKH#LQFLGHQFH#RI#\#ZKHQ#WKH
EHVW#GHVFULEHG#E\#D#OLQHDU#IRUP/#ZKHUH#WKH#UHODWLRQVKLS FRQFHQWUDWLRQ#RI#30#LV#]HUR/#WKH#SDUDPHWHU#¢#LV#WKH
EHWZHHQ#\#DQG#30#LV#HVWLPDWHG#E\#D#OLQHDU#UHJUHVVLRQ FRHIILFLHQW#RI#30/#OQ+\,#LV#WKH#QDWXUDO#ORJDULWKP#RI#\/
LQ#ZKLFK#\#LV#WKH#GHSHQGHQW#YDULDEOH#DQG#30#LV#RQH#RI DQG#¡# # OQ+%,1 # # ,I# WKH# IXQFWLRQDO# IRUP#RI# WKH#&05
VHYHUDO#LQGHSHQGHQW#YDULDEOHV/#ZKLOH#RWKHU#VWXGLHV#KDYH UHODWLRQVKLS# LV# ORJ0OLQHDU/# WKH# UHODWLRQVKLS# EHWZHHQ
DVVXPHG#WKDW#WKH#UHODWLRQVKLS# LV#EHVW#GHVFULEHG#E\#D �30#+ #30 #0#30 ,##DQG#�\#LV=
ORJ0OLQHDU# IRUP# +L1H1/# WKH# UHODWLRQVKLS# EHWZHHQ# WKH
QDWXUDO#ORJDULWKP#RI#\#DQG#30#LV#HVWLPDWHG#E\#D#OLQHDU
UHJUHVVLRQ,1 ##6RPH#VWXGLHV#RI#WKH#UHODWLRQVKLS#EHWZHHQ8

DPELHQW# 30# FRQFHQWUDWLRQV# DQG# PRUWDOLW\# KDYH
H[FOXGHG# DFFLGHQWDO# GHDWKV# IURP# WKHLU# PRUWDOLW\
FRXQWV>#RWKHUV#KDYH# LQFOXGHG#DOO#GHDWKV1# #2QH#VWXG\ ZKHUH#\#LV#WKH#EDVHOLQH#LQFLGHQFH#RI#WKH#KHDOWK#HIIHFW
PD\# KDYH# PHDVXUHG# GDLO\# +570KRXU,# DYHUDJH# 30 +L1H1/#WKH#LQFLGHQFH#EHIRUH#WKH#FKDQJH#LQ#30,1##)RU#D
FRQFHQWUDWLRQV/#ZKLOH#DQRWKHU# VWXG\#PD\#KDYH#XVHG ORJ0OLQHDU# &05# IXQFWLRQ/# WKH# UHODWLYH# ULVN# +55,
WZR0GD\# DYHUDJHV1# # )LQDOO\/# RQH# VWXG\# PD\# KDYH DVVRFLDWHG#ZLWK#WKH#FKDQJH#LQ#30#LV=
FRQVLGHUHG#FKDQJHV#LQ#WKH#KHDOWK#HQGSRLQW#RQO\#DPRQJ
PHPEHUV#RI#D#SDUWLFXODU#VXEJURXS#RI#WKH#SRSXODWLRQ
+H1J1/#LQGLYLGXDOV#98#DQG#ROGHU,/#ZKLOH#RWKHU#VWXGLHV#PD\
KDYH# FRQVLGHUHG# WKH# HQWLUH#SRSXODWLRQ# LQ# WKH# VWXG\
ORFDWLRQ1

(VWLPDWLQJ# WKH# UHODWLRQVKLS#EHWZHHQ#30# DQG# D (SLGHPLRORJLFDO#VWXGLHV#RIWHQ#UHSRUW#D#UHODWLYH#ULVN
KHDOWK#HQGSRLQW/#\/#FRQVLVWV#RI#WZR#VWHSV=#+4,#FKRRVLQJ IRU#D#JLYHQ#�30/#UDWKHU#WKDQ#WKH#&05#FRHIILFLHQW/#¢1
D# IXQFWLRQDO# IRUP# RI# WKH# UHODWLRQVKLS/# DQG# +5, 7KH# FRHIILFLHQW# FDQ# EH# GHULYHG# IURP# WKH# UHSRUWHG
HVWLPDWLQJ#WKH#YDOXHV#RI#WKH#SDUDPHWHUV#LQ#WKH#IXQFWLRQ UHODWLYH#ULVN#DQG#�30/#KRZHYHU/#E\#VROYLQJ#IRU#¢#LQ
DVVXPHG1##7KH#WZR#PRVW#FRPPRQ#IXQFWLRQDO#IRUPV#LQ HTXDWLRQ#+7,=
WKH#HSLGHPLRORJLFDO#OLWHUDWXUH#RQ#KHDOWK#HIIHFWV#DUH#WKH
ORJ0OLQHDU#DQG#WKH#OLQHDU#UHODWLRQVKLS1##7KH#ORJ0OLQHDU
UHODWLRQVKLS#LV#RI#WKH#IRUP=

RU/#HTXLYDOHQWO\/

9

EDVHOLQH DIWHU#FKDQJH

7KH#OLQHDU#UHODWLRQVKLS#LV#RI#WKH#IRUP=

7KH#ORJ0OLQHDU#IRUP#XVHG#LQ#WKH#HSLGHPLRORJLFDO#OLWHUDWXUH#RQ 7KH#SDUDPHWHU#%#PLJKW#EH#WKRXJKW#RI#DV#FRQWDLQLQJ#WKHVH#RWKHU8

R]RQH0# DQG# 300UHODWHG# KHDOWK# HIIHFWV# LV# RIWHQ# UHIHUUHG# WR# DV FRYDULDWHV/#IRU#H[DPSOH/#HYDOXDWHG#DW#WKHLU#PHDQV1# #7KDW# LV/#%# 
´3RLVVRQ#UHJUHVVLRQµ#EHFDXVH#WKH#XQGHUO\LQJ#GHSHQGHQW#YDULDEOH#LV % H[S^¢ [ #.#111#.#¢ [ `/#ZKHUH#% #LV#WKH#LQFLGHQFH#RI#\#ZKHQ#DOO
D# FRXQW# +H1J1/# QXPEHU# RI# GHDWKV,/# EHOLHYHG# WR# EH# 3RLVVRQ FRYDULDWHV# LQ# WKH#PRGHO# DUH# ]HUR/# DQG# [ /# 111# /# [ # DUH# WKH#RWKHU
GLVWULEXWHG1##7KH#PRGHO#PD\#EH#HVWLPDWHG#E\#UHJUHVVLRQ#WHFKQLTXHV FRYDULDWHV#HYDOXDWHG#DW#WKHLU#PHDQ#YDOXHV1##7KH#SDUDPHWHU#%#GURSV
EXW# LV#RIWHQ#HVWLPDWHG#E\#PD[LPXP# OLNHOLKRRG#WHFKQLTXHV1##7KH RXW#RI#WKH#PRGHO/#KRZHYHU/#ZKHQ#FKDQJHV#LQ#\#DUH#FDOFXODWHG/#DQG
IRUP#RI#WKH#PRGHO/#KRZHYHU/#LV#VWLOO#ORJ0OLQHDU1 LV#WKHUHIRUH#QRW#LPSRUWDQW1

#2WKHU#FRYDULDWHV#EHVLGHV#SROOXWLRQ#FOHDUO\#DIIHFW#PRUWDOLW\19

R 4 4 Q Q R

4 Q
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ZKHUH# ¡# LQFRUSRUDWHV# DOO# WKH# RWKHU# LQGHSHQGHQW DOWKRXJK# VRPH# SRLQWV# PD\# EH# FRQVLGHUHG# PRUH
YDULDEOHV# LQ# WKH# UHJUHVVLRQ# +HYDOXDWHG# DW# WKHLU#PHDQ REYLRXV# FDQGLGDWHV# WKDQ# RWKHUV1# # 2QH# SRVVLEOH
YDOXHV/#IRU#H[DPSOH,#WLPHV#WKHLU#UHVSHFWLYH#FRHIILFLHQWV1 DVVXPSWLRQ# LV# WKDW# WKHUH# LV#D# WKUHVKROG#DW# WKH#QRQ0
:KHQ# WKH# &05# IXQFWLRQ# LV# OLQHDU/# WKH# UHODWLRQVKLS DQWKURSRJHQLF# EDFNJURXQG# OHYHO# RI# WKH# SROOXWDQW1
EHWZHHQ#D#UHODWLYH#ULVN#DQG#WKH#FRHIILFLHQW/#¢/# LV#QRW $QRWKHU#SRVVLELOLW\#LV#WKHUH#LV#D#WKUHVKROG#DW#WKH#ORZHVW
TXLWH#DV#VWUDLJKWIRUZDUG#DV#LW#LV#ZKHQ#WKH#IXQFWLRQ#LV REVHUYHG# OHYHO# LQ# WKH# VWXG\# WKDW# HVWLPDWHG# WKH#&05
ORJ0OLQHDU1##6WXGLHV#XVLQJ#OLQHDU#IXQFWLRQV#XVXDOO\#UHSRUW IXQFWLRQ1##$QRWKHU#PLJKW#EH#D#UHOHYDQW#VWDQGDUG#IRU
WKH#FRHIILFLHQW#GLUHFWO\1 WKH#SROOXWDQW1

,I#WKH#IXQFWLRQDO#IRUP#RI#WKH#&05#UHODWLRQVKLS#LV 2QH#PHWKRG#WR#FRQGXFW#SROLF\#DQDO\VLV#DVVXPLQJ
OLQHDU/#WKH#UHODWLRQVKLS#EHWZHHQ#�30#DQG#�\#LV#VLPSO\= D# WKUHVKROG# PRGHO# LV# WR# VLPSO\# WUXQFDWH# WKH# &05

,I#WKH#&05#IXQFWLRQ#LV#OLQHDU/#HTXDWLRQ#+:,#PD\#EH DV# >PD[+7/# EDVHOLQH# 30,# 0# PD[+7/# UHJXODWRU\
XVHG#WR#HVWLPDWH#�\#DVVRFLDWHG#ZLWK#�30/#DVVXPLQJ DOWHUQDWLYH# 30,@/# ZKHUH# 7# GHQRWHV# WKH# GHVLJQDWHG
WKH#PHDVXUHPHQW#RI#�30#LV#FRQVLVWHQW#ZLWK#WKH#30 WKUHVKROG1# #$Q#DOWHUQDWLYH#PHWKRG# LV# WR# UHSODFH# WKH
PHDVXUHPHQW#XVHG# LQ# WKH#KHDOWK#HIIHFWV#VWXG\# IURP RULJLQDO#&05# IXQFWLRQ#ZLWK# D#´KRFNH\# VWLFNµ#PRGHO
ZKLFK#WKH#&05#IXQFWLRQ#ZDV#GHULYHG1##,I#WKH#IXQFWLRQ WKDW#EHVW#DSSUR[LPDWHV#WKH#RULJLQDO#IXQFWLRQ#WKDW#ZDV
LV# ORJ0OLQHDU/# WKH# EDVHOLQH# LQFLGHQFH# IRU# \# DQG# DQ HVWLPDWHG#XVLQJ#DFWXDO#GDWD1##$#W\SLFDO#KRFNH\#VWLFN#&0
DSSURSULDWH# PHDVXUH# IRU# �30# PD\# EH# XVHG# LQ 5#IXQFWLRQ#LV#KRUL]RQWDO#XS#WR#D#GHVLJQDWHG#WKUHVKROG
HTXDWLRQ#+6,1 30#OHYHO/#7/#DQG#LV#OLQHDU#ZLWK#D#SRVLWLYH#VORSH#IRU#30

$# IHZ# HSLGHPLRORJLFDO# VWXGLHV/# HVWLPDWLQJ# WKH IROORZLQJ#YDULDWLRQ#RQ#HTXDWLRQ#+5,#DERYH=
UHODWLRQVKLS#EHWZHHQ#FHUWDLQ#PRUELGLW\#HQGSRLQWV#DQG
DLU#SROOXWLRQ/#KDYH#XVHG#IXQFWLRQDO#IRUPV#RWKHU#WKDQ
OLQHDU# RU# ORJ0OLQHDU# IRUPV1# # 2I# WKHVH/# ORJLVWLF
UHJUHVVLRQV#DUH#WKH#PRVW#FRPPRQ1##7KH#GHWDLOV#RI#WKH
PRGHOV#XVHG#LQ#WKHVH#VWXGLHV#DUH#JLYHQ#LQ#WKH#SDSHUV
UHSRUWLQJ#WKH#PHWKRGV#DQG#UHVXOWV#RI#WKH#VWXGLHV1

Thresholds

:KHQ#FRQGXFWLQJ#FKDPEHU#DQG#HSLGHPLRORJLFDO
VWXGLHV/#&05# IXQFWLRQV#PD\# EH# HVWLPDWHG#ZLWK# DQG
ZLWKRXW#H[SOLFLW#WKUHVKROGV1##$LU#SROOXWLRQ#OHYHOV#EHORZ
WKH# WKUHVKROG# DUH# DVVXPHG# WR# KDYH# QR# DVVRFLDWHG
DGYHUVH# KHDOWK# HIIHFWV1# #:KHQ# D# WKUHVKROG# LV# QRW
DVVXPHG/#DV#LV#RIWHQ#WKH#FDVH#LQ#HSLGHPLRORJLFDO#ZRUN/
DQ\#H[SRVXUH#OHYHO#LV#DVVXPHG#WR#SRVH#D#QRQ0]HUR#ULVN
RI#UHVSRQVH#WR#DW#OHDVW#RQH#VHJPHQW#RI#WKH#SRSXODWLRQ1

7KUHVKROGV#PD\#DOVR#EH#LQFRUSRUDWHG#E\#D#SROLF\
DQDO\VW#XVLQJ#D#&05#IXQFWLRQ#GHULYHG#IURP#WKH#RULJLQDO
VWXG\/# HYHQ# LI# WKH# RULJLQDO# VWXG\# GLG# QRW# DVVXPH# D
WKUHVKROG1# # $# WKUHVKROG#PD\# EH# VHW# DW# DQ\# SRLQW/

IXQFWLRQ#DW#WKH#WKUHVKROG#+L1H1/#WR#H[FOXGH#DQ\#SK\VLFDO
HIIHFW#FKDQJHV#DVVRFLDWHG#ZLWK/#VD\/#30#OHYHOV#EHORZ
WKH# GHVLJQDWHG# WKUHVKROG,1# # 7KLV#PHWKRG# XVHV# WKH
RULJLQDO#&05#IXQFWLRQ/#EXW#FDOFXODWHV#WKH#FKDQJH#LQ#30

FRQFHQWUDWLRQV# JUHDWHU# WKDQ# 71# # 7KLV# LV# MXVW# WKH

7KH#VSHFLILFDWLRQ#RI#VXFK#D#¶KRFNH\#VWLFN·#PRGHO/
ZKLOH#WKHRUHWLFDOO\#SUHIHUDEOH#WR#D#VLPSOH#WUXQFDWLRQ
PRGHO/#UHTXLUHV#UH0DQDO\VLV#RI#WKH#XQGHUO\LQJ#GDWD#IURP
WKH# RULJLQDO# KHDOWK# HIIHFW# VWXG\1# # 6XFK# SULPDU\# UH0
DQDO\VLV# LV# EH\RQG# WKH# VFRSH# RI# WKH# VHFWLRQ# ;45
DQDO\VLV1##$OWHUQDWLYHO\/#LI#D#VLPSOH#WUXQFDWLRQ#PRGHO#LV
XVHG/#DSSOLFDWLRQ#RI#WKH#UHVXOWLQJ#&05#IXQFWLRQ#ZRXOG
OLNHO\#UHVXOW#LQ#D#VLJQLILFDQW#XQGHUHVWLPDWH#RI#WKH#KHDOWK
HIIHFWV#DYRLGHG#E\#UHGXFWLRQV#LQ#SROOXWDQW#H[SRVXUHV
DERYH#WKH#DVVXPHG#WKUHVKROG1

7KH#SRVVLEOH#H[LVWHQFH#RI#DQ#HIIHFW#WKUHVKROG#LV#D
YHU\#LPSRUWDQW#VFLHQWLILF#TXHVWLRQ#DQG#LVVXH#IRU#SROLF\
DQDO\VHV#VXFK#DV#WKH#VHFWLRQ#;45#DQDO\VLV1#+RZHYHU/
WKHUH# LV# FXUUHQWO\#QR# VFLHQWLILF#EDVLV# IRU# VHOHFWLQJ# D
SDUWLFXODU#WKUHVKROG#IRU#WKH#HIIHFWV#FRQVLGHUHG#LQ#WKLV
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DQDO\VLV/# LI# D# WKUHVKROG# LV# GHILQHG# DV# D# OHYHO HIIHFWV# PRGHO# DOORZV# WKH# SRVVLELOLW\# WKDW# GLIIHUHQW
FKDUDFWHUL]HG# E\# DQ# DEVHQFH# RI# REVHUYDEOH# HIIHFWV1 VWXGLHV#DUH#HVWLPDWLQJ#GLIIHUHQW#SDUDPHWHUV1
7KHUHIRUH/# WKLV# DQDO\VLV# DVVXPHV# WKHUH# DUH# QR
WKUHVKROGV#IRU#PRGHOLQJ#KHDOWK#HIIHFWV1##+RZHYHU/#WKH $#WKLUG#DSSURDFK#WR#SRROLQJ#VWXGLHV# LV#WR#DSSO\
SRWHQWLDO#LPSDFW#RI#DOWHUQDWLYH#WKUHVKROG#DVVXPSWLRQV VXEMHFWLYH# ZHLJKWV# WR# WKH# VWXGLHV/# UDWKHU# WKDQ
IRU#300UHODWHG#SUHPDWXUH#PRUWDOLW\# LV#H[SORUHG#DV#D FRQGXFWLQJ#D#UDQGRP#HIIHFWV#SRROLQJ#DQDO\VLV1##,I#WKH
NH\#VHQVLWLYLW\#DQDO\VLV1 DQDO\VW#LV#DZDUH#RI#VSHFLILF#VWUHQJWKV#DQG#ZHDNQHVVHV

Pooling Studies

:KHQ#RQO\#D#VLQJOH#VWXG\#KDV#HVWLPDWHG#WKH#&05
UHODWLRQVKLS#EHWZHHQ#D#SROOXWDQW#DQG#D#JLYHQ#KHDOWK
HQGSRLQW/#WKH#HVWLPDWLRQ#RI#D#SRSXODWLRQ#FHOO0VSHFLILF
LQFLGHQFH# FKDQJH# LV# VWUDLJKWIRUZDUG1# # )RU# VRPH
HQGSRLQWV/# KRZHYHU/# &05# IXQFWLRQV# KDYH# EHHQ
HVWLPDWHG#E\#VHYHUDO#VWXGLHV/#RIWHQ#LQ#VHYHUDO#ORFDWLRQV1
#,Q#WKLV#FDVH/#LI#WKH#LQSXW#FRPSRQHQWV#+H1J1/#IXQFWLRQDO
IRUPV/#SROOXWDQW#DYHUDJLQJ#WLPHV/#VWXG\#SRSXODWLRQV,
DUH#DOO#WKH#VDPH# +RU#YHU\#VLPLODU,/#D#SRROHG/#´FHQWUDO
WHQGHQF\µ# &05# IXQFWLRQ# FDQ# EH# GHULYHG# IURP# WKH
PXOWLSOH#VWXG\0VSHFLILF#&05#IXQFWLRQV1#

2QH#SRWHQWLDO#PHWKRG#RI#SRROHG#DQDO\VLV#LV#VLPSO\
DYHUDJLQJ#WKH#FRHIILFLHQWV#IURP#DOO#WKH#VWXGLHV1##7KLV 7KH# VWXG\# RQ# ZKLFK# DQ# DFXWH# H[SRVXUH# &05
KDV#WKH#DGYDQWDJH#RI#VLPSOLFLW\/#EXW#WKH#GLVDGYDQWDJH IXQFWLRQ# LV# EDVHG# PD\# KDYH# XVHG# SROOXWLRQ
RI#QRW#WDNLQJ#LQWR#DFFRXQW#WKH#PHDVXUHG#XQFHUWDLQW\#RI FRQFHQWUDWLRQV# DYHUDJHG# RYHU# VHYHUDO# GD\V1# #7KRVH
HDFK# RI# WKH# HVWLPDWHV1# # (VWLPDWHV# ZLWK# JUHDW VWXGLHV#WKDW#XVH#PXOWL0GD\#DYHUDJHV#DUH#LQ#HIIHFW#XVLQJ
XQFHUWDLQW\# VXUURXQGLQJ# WKHP# DUH# JLYHQ# WKH# VDPH D#VPRRWKHG#GDWD#VHW/#FRPSDULQJ#HDFK#GD\·V#DGYHUVH
ZHLJKW#DV#HVWLPDWHV#ZLWK#YHU\#OLWWOH#XQFHUWDLQW\1# KHDOWK#HIIHFWV#WR#UHFHQW#DYHUDJH#H[SRVXUH#UDWKHU#WKDQ

$Q#DOWHUQDWLYH#DSSURDFK#WR#SRROLQJ#WKH#HVWLPDWHV PXFK#HIIHFW#RQ#WKH#HVWLPDWHG#DGYHUVH#KHDOWK#HIIHFWV/
IURP# GLIIHUHQW# VWXGLHV# LV# WR# JLYH# PRUH# ZHLJKW# WR HVSHFLDOO\#ZKHQ#WKH#&05#IXQFWLRQ#KDV#D#OLQHDU#RU#QHDUO\
HVWLPDWHV#IURP#VWXGLHV#ZLWK#OLWWOH#UHSRUWHG#XQFHUWDLQW\ OLQHDU#IXQFWLRQDO#IRUP1##)RU#H[DPSOH/#LI#WKH#IXQFWLRQDO
WKDQ#WR#HVWLPDWHV#ZLWK#D#JUHDW#GHDO#RI#XQFHUWDLQW\1##7KH IRUP#ZHUH# OLQHDU#DQG#EDVHG#RQ#D# ILYH0GD\#SROOXWLRQ
H[DFW#ZD\#LQ#ZKLFK#ZHLJKWV#DUH#DVVLJQHG#WR#HVWLPDWHV DYHUDJH/#WKHQ#WKH#HVWLPDWHG#HIIHFWV#RYHU#WKH#FRXUVH#RI
RI#30#FRHIILFLHQWV#IURP#GLIIHUHQW#VWXGLHV#LQ#D#SRROHG WKH#\HDU#ZRXOG#EH#HVVHQWLDOO\#WKH#VDPH#EHWZHHQ#XVLQJ
DQDO\VLV#GHSHQGV#RQ#WKH#XQGHUO\LQJ#DVVXPSWLRQ#DERXW GDLO\#SROOXWLRQ#REVHUYDWLRQV#LQ#WKH#&05#IXQFWLRQ#RU#D
KRZ#WKH#GLIIHUHQW#HVWLPDWHV#DUH#UHODWHG#WR#HDFK#RWKHU1 WZR0GD\#DYHUDJH1##7KLV#LV#DQDORJRXV#WR#VXPPLQJ#XS
,I/#IRU#H[DPSOH/#WKHUH#LV#DFWXDOO\#D#GLVWULEXWLRQ#RI#WUXH ILYH#QXPEHUV# +9/7/;/7/; 63,#RU# WDNLQJ# WKHLU#DYHUDJH
HIIHFW# FRHIILFLHQWV/# RU# ¢·V/# WKDW# GLIIHU# E\# ORFDWLRQ DQG#PXOWLSO\LQJ#E\# ILYH# +9-8 63,># LQ# HDFK# FDVH# WKH
+UHIHUUHG# WR# DV# WKH# UDQGRP# HIIHFWV# PRGHO,/# WKH DQVZHU#LV#631##7KLV#DQDO\VLV#XVHV#GDLO\#SROOXWLRQ#OHYHOV
GLIIHUHQW#FRHIILFLHQWV#UHSRUWHG#E\#GLIIHUHQW#VWXGLHV#PD\ LQ#FDVHV#ZKHUH#WKHUH#DUH#PXOWL0GD\#DYHUDJLQJ#WLPHV1
EH#HVWLPDWHV#RI#GLIIHUHQW#XQGHUO\LQJ#FRHIILFLHQWV/#UDWKHU
WKDQ#MXVW#GLIIHUHQW#HVWLPDWHV#RI#WKH#VDPH#FRHIILFLHQW1
,Q#FRQWUDVW#WR#WKH#IL[HG#HIIHFWV#PRGHO#+ZKLFK#DVVXPHV
WKDW#WKHUH#LV#RQO\#RQH#¢#HYHU\ZKHUH,/#WKH#UDQGRP0

RI#WKH#VWXGLHV#LQYROYHG/#WKLV#SULRU#LQIRUPDWLRQ#PD\#EH
XVHG# DV# LQSXW# WR# WKH# FDOFXODWLRQ# RI#ZHLJKWV#ZKLFK
UHIOHFW#WKH#UHODWLYH#UHOLDELOLW\#RI#WKH#HVWLPDWHV#IURP#WKH
VWXGLHV1

,Q#VRPH#FDVHV/#VWXGLHV#UHSRUWHG#VHYHUDO#HVWLPDWHV
RI# WKH# &05# FRHIILFLHQW/# HDFK# FRUUHVSRQGLQJ# WR# D
SDUWLFXODU#\HDU#RU#SDUWLFXODU#VWXG\#DUHD1##)RU#H[DPSOH/
2VWUR# DQG# 5RWKVFKLOG# +4<;<E,# UHSRUW# VL[# VHSDUDWH
UHJUHVVLRQ#FRHIILFLHQWV#WKDW#FRUUHVSRQG#WR#UHJUHVVLRQ
PRGHOV# UXQ# IRU# VL[# VHSDUDWH# \HDUV1# # 7KLV# DQDO\VLV
FRPELQHG# WKH# LQGLYLGXDO# HVWLPDWHV# XVLQJ# D# PHWD0
DQDO\VLV#RQ#WKH#VL[#\HDUV#RI#GDWD1

Pollution Exposure Measure

VLPSO\#H[SRVXUH#RQ#WKH#VDPH#GD\1##7KLV#GRHV#QRW#KDYH



The Benefits and Costs of the Clean Air Act, 1990 to 2010

D-11

Regional Variation Baseline Incidence Rate

:KHWKHU#WKH#&05#UHODWLRQVKLS#EHWZHHQ#D#SROOXWDQW 6RPH#&05#IXQFWLRQV#+WKRVH#H[SUHVVHG#DV#D#FKDQJH
DQG#D#JLYHQ#KHDOWK#HQGSRLQW#LV#HVWLPDWHG#E\#D#VLQJOH UHODWLYH# WR# EDVHOLQH# FRQGLWLRQV,# UHTXLUH# EDVHOLQH
IXQFWLRQ#IURP#D#VLQJOH#VWXG\#RU#E\#D#SRROHG#IXQFWLRQ LQFLGHQFH# GDWD# DVVRFLDWHG# ZLWK# DPELHQW# OHYHOV# RI
RI#&05#IXQFWLRQV#IURP#VHYHUDO#VWXGLHV/#WKDW#VDPH#&05 SROOXWDQWV1##%DVHOLQH#LQFLGHQFH#GDWD#QHFHVVDU\#IRU#WKH
UHODWLRQVKLS# LV# DSSOLHG# HYHU\ZKHUH# LQ# WKH# FXUUHQW FDOFXODWLRQ#RI#ULVN#DQG#EHQHILWV#ZHUH#REWDLQHG#IURP
EHQHILWV#DQDO\VLV1##$OWKRXJK#WKH#&05#UHODWLRQVKLS#PD\ QDWLRQDO# VRXUFHV#ZKHQHYHU# SRVVLEOH/# EHFDXVH# WKHVH
LQ#IDFW#YDU\#VRPHZKDW#IURP#RQH#ORFDWLRQ#WR#DQRWKHU GDWD#DUH#PRVW#DSSOLFDEOH#WR#D#QDWLRQDO#DVVHVVPHQW#RI
+IRU# H[DPSOH/# GXH# WR# GLIIHUHQFHV# LQ# SRSXODWLRQ EHQHILWV1# # &RXQW\0VSHFLILF# HVWLPDWHV# RI# EDVHOLQH
VXVFHSWLELOLWLHV#RU#GLIIHUHQFHV# LQ#WKH#FRPSRVLWLRQ#RI PRUWDOLW\# LQFLGHQFHV# XVHG# LQ# WKLV# DQDO\VLV# ZHUH
30,/#ORFDWLRQ0VSHFLILF#&05#IXQFWLRQV#DUH#DYDLODEOH#RQO\ REWDLQHG# IURP# WKH# 1DWLRQDO# &HQWHU# IRU# +HDOWK
IRU#WKRVH#ORFDWLRQV#LQ#ZKLFK#VWXGLHV#ZHUH#FRQGXFWHG1 6WDWLVWLFV# +4<<7,1# #7KH#1DWLRQDO#&HQWHU# IRU#+HDOWK
$# VLQJOH# IXQFWLRQ#DSSOLHG#HYHU\ZKHUH#PD\# UHVXOW# LQ 6WDWLVWLFV#DOVR#SURYLGHG#PXFK#RI#WKH#LQIRUPDWLRQ#RQ
RYHUHVWLPDWHV#RI#LQFLGHQFH#FKDQJHV#LQ#VRPH#ORFDWLRQV QDWLRQDO#LQFLGHQFH#UDWHV1##+RZHYHU/#IRU#VRPH#VWXGLHV/
DQG# XQGHUHVWLPDWHV# RI# LQFLGHQFH# FKDQJHV# LQ# RWKHU WKH# RQO\# DYDLODEOH# EDVHOLQH# LQFLGHQFH# LQIRUPDWLRQ
ORFDWLRQV1# #,W# LV#QRW#SRVVLEOH/#KRZHYHU/#WR#NQRZ#WKH FRPHV#IURP#WKH#VWXGLHV#WKHPVHOYHV>#LQ#WKHVH#FDVHV/#WKH
H[WHQW# RU# GLUHFWLRQ# RI# WKH# RYHUDOO# ELDV# LQ# WKH# WRWDO EDVHOLQH#LQFLGHQFH#LQ#WKH#VWXG\#SRSXODWLRQ#LV#DVVXPHG
LQFLGHQFH#FKDQJH#LQWURGXFHG#E\#DSSOLFDWLRQ#RI#D#VLQJOH WR#UHSUHVHQW#WKH#EDVHOLQH#LQFLGHQFH#QDWLRQDOO\1
&05#IXQFWLRQ#HYHU\ZKHUH1

PM Size and Composition

&XUUHQW#UHVHDUFK#VXJJHVWV#WKDW#SDUWLFOH#VL]H/#DQG 7KH# DJH# JURXS# FKRVHQ# LV# RIWHQ# D# PDWWHU# RI
SHUKDSV#SDUWLFOH#FRPSRVLWLRQ/#PDWWHUV#ZKHQ#HVWLPDWLQJ FRQYHQLHQFH# +H1J1/# H[WHQVLYH#0HGLFDUH# GDWD#PD\# EH
WKH# KHDOWK# LPSDFWV# RI#301# #3DUWLFXODWH#PDWWHU# LV# D DYDLODEOH#IRU#WKH#HOGHUO\#SRSXODWLRQ,#DQG#QRW#EHFDXVH
KHWHURJHQHRXV#PL[#WKDW#YDULHV#RYHU#WLPH#DQG#VSDFH/ WKH#HIIHFWV#DUH#QHFHVVDULO\#UHVWULFWHG#WR#WKH#VSHFLILF#DJH
DQG#PD\#LQFOXGH#VROLG#RU#OLTXLG#FRPSRXQGV/#LQFOXGLQJ JURXS/# HYHQ# WKRXJK# WKHLU# LQFLGHQFH# PD\# YDU\
RUJDQLF#DHURVROV/#VXOIDWHV/#QLWUDWHV/#PHWDOV/#HOHPHQWDO FRQVLGHUDEO\# RYHU# DQ# LQGLYLGXDO·V# OLIH# VSDQ1
FDUERQ/# DQG# RWKHU#PDWHULDO1# # )LQH# 30# LV# JHQHUDOO\ 1HYHUWKHOHVV/#WR#DYRLG#RYHUHVWLPDWLQJ#WKH#EHQHILWV#RI
YLHZHG#DV#KDYLQJ#D#PRUH#KDUPIXO#LPSDFW#WKDQ#FRDUVH UHGXFHG#SROOXWLRQ#OHYHOV/#WKLV#DQDO\VLV#DSSOLHV#WKH#JLYHQ
30/#DOWKRXJK#LW#LV#QRW#FOHDU#WR#ZKDW#H[WHQW#WKLV#PD\ &05# UHODWLRQVKLSV# RQO\# WR# WKRVH# DJH# JURXSV
GLIIHU# E\# WKH# W\SH# RI# KHDOWK# HIIHFW# RU# WKH# H[SRVHG FRUUHVSRQGLQJ#WR#WKH#FRKRUWV#VWXGLHG1##/LNHZLVH/#VRPH
SRSXODWLRQ1##:KLOH#RQH#FDQQRW#QHFHVVDULO\#DVVXPH#WKDW VWXGLHV#ZHUH#SHUIRUPHG#RQ# LQGLYLGXDOV#ZLWK#VSHFLILF
FRDUVH#30#KDV#QR#DGYHUVH#LPSDFW#RQ#KHDOWK/#LW#VHHPV RFFXSDWLRQV/#DFWLYLW\#SDWWHUQV/#RU#PHGLFDO#FRQGLWLRQV
UHDVRQDEOH#WR#SUHIHU#WKH#XVH#RI#30 #DV#D#SUR[\#IRU EHFDXVH#WKHVH#WUDLWV#UHODWH#WR#WKH#OLNHOLKRRG#RI#HIIHFW/518
WKH#LPSDFW#RI#301##'XH#WR#WKH#UHODWLYH#DEXQGDQFH#RI VXFK#DV#LQ#WKH#HVWLPDWLRQ#RI#ZRUNHU#SURGXFWLYLW\1##,Q
VWXGLHV#XVLQJ#30 /#KRZHYHU/#DQG#WKH#UHDVRQDEO\#JRRG WKHVH#FDVHV/#DSSOLFDWLRQ#RI#GRVH0UHVSRQVH# IXQFWLRQV43
FRUUHODWLRQ#EHWZHHQ#30 #DQG#30 #LQ#XUEDQ#DUHDV/#LQ KDV#EHHQ#UHVWULFWHG#WR#SRSXODWLRQV#RI#LQGLYLGXDOV#ZLWK518 43#
PDQ\# FDVHV# WKLV# DQDO\VLV# DOVR# XVHV# 30 # VWXGLHV# WR WKHVH#VDPH#FKDUDFWHULVWLFV1##$V#GLVFXVVHG#LQ#PRUH#GHWDLO43
HVWLPDWH#WKH#LPSDFW#RI#301##6LPLODUO\/#DW#WKLV#VWDJH#RI EHORZ/# KRZHYHU/# E\# DVVXPLQJ# WKDW# WKH# &05
NQRZOHGJH/# LW# LV# QRW# FOHDU# ZKDW# FRPSRVLWLRQ UHODWLRQVKLSV# VKRXOG# RQO\# EH# DSSOLHG# WR# WKRVH
GLVWLQFWLRQV# WR# PDNH/# LI# DQ\/# ZKHQ# HVWLPDWLQJ# WKH VXESRSXODWLRQV# PDWFKLQJ# WKH# RULJLQDO# VWXG\
LPSDFW#RI#301##7KH#&05#IXQFWLRQV#XVHG#LQ#WKLV#DQDO\VLV SRSXODWLRQ/#WKH#SUHVHQW#DQDO\VLV#PD\#EH#VLJQLILFDQWO\
UHODWH# DGYHUVH# KHDOWK# HIIHFWV# WR# DQ# XQGLIIHUHQWLDWHG XQGHUHVWLPDWLQJ# WKH# ZKROH# SRSXODWLRQ# EHQHILWV# RI
PDVV#RI#SDUWLFOHV#+H1J1/#30 ,>#WKH\#GR#QRW#UHODWH#HIIHFWV UHGXFWLRQV#LQ#SROOXWDQW#H[SRVXUHV143
WR#LQGLYLGXDO#30#FRPSRQHQWV1

Population

0DQ\# VWXGLHV# IRFXV#RQ# D#SDUWLFXODU# DJH# FRKRUW1
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C-R Function Selection Criteria

$#QXPEHU#RI#FRQVLGHUDWLRQV#DURVH#LQ#VHOHFWLQJ#DQG
DSSO\LQJ#FRQFHQWUDWLRQ0UHVSRQVH#+&05,#IXQFWLRQV#IRU
WKH# VHFWLRQ# ;45# SURVSHFWLYH# DVVHVVPHQW1# # 7KHVH
FRQVLGHUDWLRQV#DUH#VXPPDUL]HG#LQ#7DEOH#'04#EHORZ1
%HFDXVH# FRQFHQWUDWLRQ0UHVSRQVH# IXQFWLRQV# DUH# WKH
PHDQV# RI# UHODWLQJ# FKDQJHV# LQ# SROOXWDQW# OHYHOV# WR
FKDQJHV# LQ# KHDOWK# HQGSRLQWV/# WKH\# DUH# D# FULWLFDO
FRPSRQHQW#RI#D#EHQHILWV#DQDO\VLV1##:KLOH#D#VWXG\#PD\
EH# VXSHULRU#ZLWK# UHJDUG# WR#RQH# FRQVLGHUDWLRQ# +H1J1/
QXPEHU#RI#SROOXWDQWV#FRQVLGHUHG,/#LW#PD\#EH#LQIHULRU
ZLWK#UHJDUG#WR#DQRWKHU#FRQVLGHUDWLRQ#+H1J1/#QXPEHU#RI
REVHUYDWLRQV,1##7KH#VHOHFWLRQ#RI#&05#IXQFWLRQV#IRU#WKH
EHQHILWV#DQDO\VLV#ZDV#JXLGHG#E\#WKH#JRDO#RI#DFKLHYLQJ
D#EDODQFH#EHWZHHQ#FRPSUHKHQVLYHQHVV#DQG#VFLHQWLILF
GHIHQVLELOLW\1# # 7KH# LVVXHV# FRQVLGHUHG# DUH# GLVFXVVHG
EHORZ#LQ#VRPH#GHWDLO1
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Table D-1  
Summary of Considerations Used in Selecting C-R Functions

Consideration Comments

Peer reviewed Peer reviewed research is preferred to research that has not undergone the peer review
research process.

Study type Among studies that consider chronic exposure (e.g., over a year or longer) prospective
cohort studies are preferred over cross-sectional studies (a.k.a. "ecological studies")
because they control for important confounding variables that cannot be controlled for in 
cross-sectional studies.  If the chronic effects of a pollutant are considered more
important than its acute effects, prospective cohort studies may also be preferable to
longitudinal time series studies because the latter type of study is typically designed to
detect the effects of short-term (e.g. daily) exposures, rather than chronic exposures.

Study period Studies examining a relatively longer period of time (and therefore having more data)
are preferred, because they have greater statistical power  to detect effects.  More
recent studies are also preferred because of possible changes in pollution mixes,
medical care, and life style over time.

Study population Studies examining a relatively large sample are preferred.  Studies of narrow population
groups are generally disfavored, although this does not exclude the possibility of
studying populations that are potentially more sensitive to pollutants (e.g., asthmatics,
children, elderly).  However, there are tradeoffs to comprehensiveness of study
population.  Selecting a C-R function from a study that considered all ages will avoid
omitting the benefits associated with any population age category.  However, if the age
distribution of a study population from an “all population” study is different from the age
distribution in the assessment population, and if pollutant effects vary by age, then bias
can be introduced into the benefits analysis.

Study location U.S. studies are more desirable than non-U.S. studies because of potential differences
in pollution characteristics, exposure patterns, medical care system, and life style.

Pollutants included in Models with more pollutants are generally preferred to models with fewer pollutants,
model though careful attention must be paid to potential collinearity between pollutants. 

Because PM has been acknowledged to be an important and pervasive pollutant,
models that include some measure of PM are highly preferred to those that do not.

Measure of PM PM  and PM  are preferred to other measures of particulate matter, such as total2.5 10

suspended particulate matter (TSP), coefficient of haze (COH), or black smoke (BS)
based on evidence that PM  and PM  are more directly correlated with adverse health2.5 10

effects than are these more general measures of PM.  

Economically Some health effects, such as forced expiratory volume and other technical
valuable health measurements of lung functioning, are difficult to value in monetary terms.  These health
effects effects are not quantified in this analysis.

Non-overlapping Although the benefits associated with each individual health endpoint may be analyzed
endpoints separately, care must be exercised in selecting health endpoints to include in the overall

benefits analysis because of the possibility of double counting of benefits.  Including
emergency room visits in a benefits analysis that already considers hospital admissions,
for example, will result in double counting of some benefits if the category “hospital
admissions” includes emergency room visits.
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Peer-Review of Research

:KHQHYHU#SRVVLEOH/#SHHU0UHYLHZHG#UHVHDUFK#UDWKHU
WKDQ# XQSXEOLVKHG# LQIRUPDWLRQ# KDV# EHHQ# XVHG1
5HVHDUFK#WKDW#KDV#EHHQ#UHYLHZHG#E\#WKH#(3$*V#RZQ
SHHU#UHYLHZ#SURFHVVHV/#VXFK#DV#UHYLHZ#E\#WKH#&OHDQ#$LU
6FLHQWLILF# $GYLVRU\# &RPPLWWHH# +&$6$&,# RI# WKH
6FLHQFH# $GYLVRU\# %RDUG# +6$%,/# KDV# EHHQ# XVHG
ZKHQHYHU#SRVVLEOH1##5HVHDUFK#UHYLHZHG#E\#RWKHU#SXEOLF
VFLHQWLILF#SHHU#UHYLHZ#SURFHVVHV/#VXFK#DV#WKH#1DWLRQDO
$FDGHP\#RI#6FLHQFH/#WKH#1DWLRQDO#$FLGLF#3UHFLSLWDWLRQ
$VVHVVPHQW#3URJUDP/#DQG#WKH#+HDOWK#(IIHFWV#,QVWLWXWH
LV#DOVR#LQFOXGHG#LQ#WKLV#FDWHJRU\1

6WXGLHV#SXEOLVKHG#+RU#DFFHSWHG#IRU#SXEOLFDWLRQ,#LQ
SHHU#UHYLHZHG#MRXUQDOV#EXW#QRW#UHYLHZHG#E\#&$6$&
KDYH#DOVR#EHHQ#FRQVLGHUHG#IRU#XVH#LQ#WKH#VHFWLRQ#;45
SURVSHFWLYH#DVVHVVPHQW/#DQG#KDYH#EHHQ#XVHG#LI#WKH\#DUH
GHWHUPLQHG# WR# EH# WKH# PRVW# DSSURSULDWH# DYDLODEOH
VWXGLHV1# # ,QGLFDWLRQV# WKDW# (3$# LQWHQGV# WR# VXEPLW
UHVHDUFK#WR#WKH#&$6$&#+VXFK#DV#LQFOXVLRQ#LQ#D#GUDIW
&ULWHULD#'RFXPHQW# RU# 6WDII# 3DSHU,# DUH# FRQVLGHUHG
IXUWKHU# HYLGHQFH# WKDW# VSHFLILF# MRXUQDO0SXEOLVKHG
UHVHDUFK#LV#DFFHSWDEOH#IRU#XVH#LQ#WKLV#DQDO\VLV1#

$LU#SROOXWLRQ#KHDOWK#UHVHDUFK#LV#D#YHU\#DFWLYH#ILHOG
RI# VFLHQWLILF# LQTXLU\/# DQG# QHZ# UHVXOWV# DUH# EHLQJ
SURGXFHG#UHJXODUO\1##0DQ\#UHVHDUFK#ILQGLQJV#DUH#ILUVW 0DQ\#RI#WKH#VWXGLHV#UHOHYDQW#WR#TXDQWLI\LQJ#WKH
UHOHDVHG# LQ#XQLYHUVLW\#ZRUNLQJ#SDSHUV/#GLVVHUWDWLRQV/ EHQHILWV#RI#DLU#SROOXWLRQ#UHGXFWLRQV#KDYH#IRFXVHG#RQ
JRYHUQPHQW# UHSRUWV/# QRQ0UHYLHZHG# MRXUQDOV# DQG VXESRSXODWLRQV#WKDW#PD\#RU#PD\#QRW#EH#UHSUHVHQWDWLYH
FRQIHUHQFH# SURFHHGLQJV1# # 6RPH# UHVHDUFK# LV# RIWHQ RI#WKH#JHQHUDO#SRSXODWLRQ1##([WUDSRODWLQJ#UHVXOWV#IURP
SXEOLVKHG#LQ#DEVWUDFW#IRUP#LQ#MRXUQDOV/#ZKLFK#GRHV#QRW VWXGLHV#RQ#QRQUHSUHVHQWDWLYH#VXESRSXODWLRQV# WR# WKH
UHTXLUH#SHHU#UHYLHZ1##,Q#RUGHU#WR#XVH#WKH#PRVW#UHFHQW JHQHUDO#SRSXODWLRQ# LQWURGXFHV#XQFHUWDLQWLHV# LQWR#WKH
UHVHDUFK#ILQGLQJV#DQG#EH#DV#FRPSUHKHQVLYH#DV#SRVVLEOH/ DQDO\VLV/#EXW#WKH#PDJQLWXGH#RI#WKH#XQFHUWDLQW\#DQG#LWV
XQSXEOLVKHG#UHVHDUFK#ZDV#H[DPLQHG#IRU#SRVVLEOH#XVH1 GLUHFWLRQ# DUH# RIWHQ# XQNQRZQ1# # %HFDXVH# RI# WKHVH

Study Type and Quality

(SLGHPLRORJLFDO# VWXGLHV# RI# WKH# UHODWLRQVKLS
EHWZHHQ# DLU# SROOXWDQWV# DQG# KHDOWK# HQGSRLQWV# FDQ
JHQHUDOO\# EH# FDWHJRUL]HG# DV# +4,# ´HFRORJLFDOµ# FURVV0
VHFWLRQDO/# +5,#SURVSHFWLYH#FRKRUW/#RU# +6,# ORQJLWXGLQDO
WLPH#VHULHV#VWXGLHV1##7KH#ILUVW#WZR#W\SHV#RI#VWXG\#DUH
FRQFHUQHG#ZLWK# ORQJHU# H[SRVXUH#SHULRGV/# VXFK# DV# D
\HDU# RU# RYHU# VHYHUDO# \HDUV/# ZKLOH# WKH# WKLUG# W\SH# LV
FRQFHUQHG#ZLWK# VKRUW0WHUP# H[SRVXUHV# RYHU# RQH# RU
PRUH# GD\V1# # $PRQJ# VWXGLHV# WKDW# FRQVLGHU# ORQJHU

H[SRVXUH#SHULRGV/#RU#FKURQLF#H[SRVXUH/#SURVSHFWLYH
FRKRUW# VWXGLHV#DUH#SUHIHUDEOH# WR#´HFRORJLFDOµ#FURVV0
VHFWLRQDO#VWXGLHV/#EHFDXVH#WKH\#FRQWURO#IRU#LPSRUWDQW
FRQIRXQGLQJ#YDULDEOHV#ZKLFK#FDQQRW#EH#FRQWUROOHG#IRU
LQ#´HFRORJLFDOµ#FURVV0VHFWLRQDO#VWXGLHV1##,I#WKH#HIIHFWV
RI#FKURQLF#H[SRVXUHV#DUH#FRQVLGHUHG#PRUH#VLJQLILFDQW
WKDQ#DFXWH#HIIHFWV/#SURVSHFWLYH#FRKRUW#VWXGLHV#PD\#DOVR
EH# SUHIHUDEOH# WR# ORQJLWXGLQDO# WLPH# VHULHV# VWXGLHV
EHFDXVH#WKH#ODWWHU#W\SH#RI#VWXG\#LV#W\SLFDOO\#GHVLJQHG#WR
GHWHFW#WKH#HIIHFWV#RQO\#RI#GDLO\#H[SRVXUHV/#UDWKHU#WKDQ
FKURQLF#H[SRVXUHV1

6WXGLHV# WKDW#FRQWURO# IRU#D#EURDG# UDQJH#RI# OLNHO\
FRQIRXQGHUV# FDQ# RIIHU# D# PRUH# UREXVW# FRQFOXVLRQ
DERXW# DQ# LQGLYLGXDO#SROOXWDQW/# HYHQ# LI# WKH# VWDWLVWLFDO
FRQILGHQFH# LQWHUYDO# LV# ODUJHU#GXH#WR#WKH# LQFOXVLRQ#RI
PRUH#YDULDEOHV#LQ#WKH#DQDO\VLV1##)RU#H[DPSOH/#D#VWXG\
WKDW# FRQVLGHUV# RQO\# DLU# SROOXWLRQ/# RPLWWLQJ# RWKHU
YDULDEOHV# DVVRFLDWHG# ZLWK# D# KHDOWK# RXWFRPH/# FRXOG
LQFRUUHFWO\#FRQFOXGH#WKDW#D#UHGXFWLRQ#LQ#DLU#SROOXWLRQ
LV#H[FOXVLYHO\#UHVSRQVLEOH#IRU#D#UHGXFWLRQ#LQ#WKH#KHDOWK
RXWFRPH1# # 3RWHQWLDO# FRQIRXQGHUV# LQFOXGH#ZHDWKHU0
UHODWHG# YDULDEOHV# +H1J1/# WHPSHUDWXUH,# DQG# DPELHQW
SROOXWDQWV#RWKHU#WKDQ#WKRVH#EHLQJ#VWXGLHG1

Study Population

XQFHUWDLQWLHV/# EHQHILW# DQDO\VHV# RIWHQ# OLPLW# WKH
DSSOLFDWLRQ# RI# WKH# &05# IXQFWLRQV# RQO\# WR# WKRVH
VXESRSXODWLRQV#ZLWK#WKH#FKDUDFWHULVWLFV#RI#WKH#VWXG\
SRSXODWLRQ1# # :KLOH# WKLV# DSSURDFK# KDV# PHULW# LQ
PLQLPL]LQJ# XQFHUWDLQW\/# LW# FDQ# UHVXOW# LQ# D# VHYHUH
XQGHUHVWLPDWH#RI#EHQHILWV#LI#VLPLODU#HIIHFWV#DUH#OLNHO\#WR
RFFXU#LQ#WKH#UHVW#RI#WKH#SRSXODWLRQ1##)RU#WKHVH#UHDVRQV/
VWXGLHV#WKDW#H[DPLQH#EURDG/#UHSUHVHQWDWLYH#SRSXODWLRQV
PD\#EH#SUHIHUDEOH# WR# VWXGLHV#ZLWK#QDUURZHU# VFRSH/
EHFDXVH# WKH\# DOORZ# DSSOLFDWLRQ# RI# WKH# IXQFWLRQV# WR
ODUJHU# QXPEHUV# RI# SHUVRQV1# # 7KHUH# DUH/# KRZHYHU/
WUDGHRIIV#WR#FRPSUHKHQVLYHQHVV#RI#VWXG\#SRSXODWLRQ1
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6HOHFWLQJ#D#&05#IXQFWLRQ#IURP#D#VWXG\#WKDW#FRQVLGHUHG 7KH#SUHIHUHQFH#IRU#VWXGLHV#WKDW#IRFXV#RQ#D#UDQJH
DOO#DJHV#ZLOO#DYRLG#RPLWWLQJ#WKH#EHQHILWV#DVVRFLDWHG#ZLWK RI# DUHDV/# LQ# WKH# 8161# DQG# &DQDGD/# LV# GULYHQ# E\# D
DQ\# SRSXODWLRQ# DJH# FDWHJRU\1# #+RZHYHU/# LI# WKH# DJH FRQFHUQ# WKDW# WKHUH# PD\# EH# VLJQLILFDQW# UHJLRQDO
GLVWULEXWLRQ# RI# WKH# VWXG\# SRSXODWLRQ# IURP# DQ# ´DOO YDULDWLRQ#LQ#WKH#HVWLPDWHG#&05#IXQFWLRQV1##7KHUH#KDV
SRSXODWLRQµ# VWXG\# LV# GLIIHUHQW# IURP# WKH# DJH QRW/# KRZHYHU/# EHHQ# HQRXJK# UHVHDUFK# WR# HVWDEOLVK
GLVWULEXWLRQ# LQ# WKH# DVVHVVPHQW# SRSXODWLRQ/# DQG# LI UHJLRQDO#VSHFLILF#YDOXHV1
SROOXWDQW# HIIHFWV# YDU\# E\# DJH/# WKHQ# ELDV# FDQ# EH
LQWURGXFHG#LQWR#WKH#EHQHILWV#DQDO\VLV1

Study Period

6WXGLHV# H[DPLQLQJ# D# UHODWLYHO\# ORQJHU#SHULRG#RI FRQFHQWUDWLRQV# WHQG# WR# FKDQJH# WRJHWKHU1# #$OWKRXJK
WLPH#DUH#SUHIHUDEOH#EHFDXVH#WKH\#KDYH#PRUH#GDWD#DQG WKHUH#PD\#EH#DQ#DVVRFLDWLRQ#EHWZHHQ#DQ#DGYHUVH#KHDOWK
WKHUHIRUH# KDYH# JUHDWHU# VWDWLVWLFDO# SRZHU# # WR# GHWHFW HIIHFW#DQG#WKLV#PL[/#LW#PD\#QRW#EH#FOHDU#ZKLFK#SROOXWDQW
HIIHFWV1##,Q#DGGLWLRQ/#PRUH#UHFHQW#VWXGLHV#DUH#SUHIHUDEOH LV#FDXVDOO\#UHODWHG#WR#WKH#KHDOWK#HIIHFW# 00#RU#ZKHWKHU
WR# ROGHU# VWXGLHV# EHFDXVH# RI# SRVVLEOH# FKDQJHV# LQ PRUH# WKDQ#RQH#SROOXWDQW# LV# FDXVDOO\# UHODWHG1# #8VLQJ
SROOXWLRQ#PL[HV/#PHGLFDO#FDUH/#DQG#OLIH#VW\OH#RYHU#WLPH1 VHSDUDWH#UHJUHVVLRQV#+IURP#VLQJOH#SROOXWDQW#PRGHOV,#IRU
7KLV#ODWWHU#LVVXH#LV#HIIHFWLYHO\#D#EHQHILWV#WUDQVIHU#LVVXH1 HDFK# SROOXWDQW# PD\# RYHUVWDWH# WKH# HIIHFW# RI# HDFK
'LIIHUHQFHV#DFURVV#WLPH#EHWZHHQ#WKH#VWXG\#SHULRG#DQG SROOXWDQW# DORQH1# # 0RGHOV# WKDW# FRQVLGHU# SROOXWDQWV
WKH#DVVHVVPHQW#SHULRG#LQWURGXFH#XQFHUWDLQWLHV#LQWR#WKH VLPXOWDQHRXVO\#DUH#WKHUHIRUH#SUHIHUUHG/#WKRXJK#FDUHIXO
EHQHILWV# DQDO\VLV/# EHFDXVH# LW# LV# QRW# NQRZQ# WR#ZKDW DWWHQWLRQ# PXVW# EH# SDLG# WR# SRWHQWLDO# FROOLQHDULW\
H[WHQW#WKH#&05#UHODWLRQVKLS#HVWLPDWHG#GXULQJ#WKH#VWXG\ EHWZHHQ# SROOXWDQWV1# # %HFDXVH# 30# KDV# EHHQ
SHULRG#ZLOO#EH#WKH#VDPH#GXULQJ#WKH#DVVHVVPHQW#SHULRG1 DFNQRZOHGJHG#WR#EH#DQ#LPSRUWDQW#SROOXWDQW/#PRGHOV

Study Location

6WXGLHV#FRQGXFWHG#LQ#ORFDWLRQV#WKDW#DUH#GLIIHUHQW
IURP# WKH# DVVHVVPHQW# ORFDWLRQ# DUH# JHQHUDOO\# OHVV
GHVLUDEOH# EHFDXVH# RI# WKH# LQWURGXFWLRQ# RI# SRVVLEOH
EHQHILWV#WUDQVIHU#SUREOHPV1##7KH#FKDUDFWHULVWLFV#RI#D
SRSXODWLRQ#+H1J1/#WKH#SURSRUWLRQ#RI#WKH#SRSXODWLRQ#WKDW
LV#SDUWLFXODUO\#VXVFHSWLEOH#WR#SROOXWLRQ/#RU#WKH#EHKDYLRU
SDWWHUQV#RI#WKH#SRSXODWLRQ,#DQG2RU#WKH#SROOXWLRQ#PL[
WR#ZKLFK#LW#LV#H[SRVHG#PD\#GLIIHU#QRWDEO\#EHWZHHQ#WKH
VWXG\#ORFDWLRQ#DQG#WKH#DVVHVVPHQW#ORFDWLRQ1##$V#ZLWK
GLIIHUHQFHV# LQ# WLPH# SHULRGV/# WKHVH# GLIIHUHQFHV# LQ
ORFDWLRQ# LQWURGXFH# XQFHUWDLQWLHV# LQWR# WKH# EHQHILWV
DQDO\VLV/#EHFDXVH#LW#LV#QRW#NQRZQ#WR#ZKDW#H[WHQW#WKH#&0
5#UHODWLRQVKLS#HVWLPDWHG# LQ#WKH#VWXG\# ORFDWLRQ# LV#WKH
VDPH# LQ# WKH# DVVHVVPHQW# ORFDWLRQ1# #)RU# WKDW# UHDVRQ/
VWXGLHV#FRQGXFWHG#LQ#WKH#8QLWHG#6WDWHV#RU#&DQDGD#DUH
SUHIHUDEOH# IRU# WKLV# EHQHILWV# DQDO\VLV# WR# VWXGLHV
FRQGXFWHG/#IRU#H[DPSOH/#LQ#(XURSH#RU#LQ#GHYHORSLQJ
FRXQWULHV1# # ,Q# DGGLWLRQ/# VWXGLHV# WKDW# LQFOXGH# D#ZLGH
UDQJH#RI#DUHDV#DUH#SUHIHUUHG1# #6WXGLHV#IRFXVLQJ#RQ#D
VLQJOH#FLW\#DUH#QRW#DV#GHVLUDEOH#DV#VWXGLHV#WKDW#IRFXV#RQ
PXOWLSOH#FLWLHV1

Pollutants Included in the Model

,Q#PDQ\#FDVHV/#VHYHUDO#SROOXWDQWV#LQ#D#´SROOXWDQW
PL[µ#DUH#FRUUHODWHG#ZLWK#HDFK#RWKHU# 00# WKDW# LV/# WKHLU

WKDW#LQFOXGH#VRPH#PHDVXUH#RI#30#DUH#KLJKO\#SUHIHUUHG
WR#WKRVH#WKDW#GR#QRW1

Measure of Particulate Matter

'LIIHUHQW#HSLGHPLRORJLFDO#VWXGLHV#H[DPLQLQJ#WKH
KHDOWK#HIIHFWV#DVVRFLDWHG#ZLWK#SDUWLFXODWH#PDWWHU#+30,
KDYH#XVHG#GLIIHUHQW#PHDVXUHV#RI#301##6RPH#KDYH#XVHG
30 #ZKLOH#RWKHUV#KDYH#XVHG#30 1##7KH#QXPEHU#RI43 518
VWXGLHV# XVLQJ# 30 # DV# WKH# LQGLFDWRU# RI# 30# LV518
VXEVWDQWLDOO\#PRUH# OLPLWHG# WKDQ# WKH# QXPEHU# XVLQJ
30 # EHFDXVH# RI# WKH# UHODWLYH# VSDUVHQHVV# RI# # 3043 518
PRQLWRU#GDWD1##$#QXPEHU#RI#VWXGLHV#KDYH#XVHG#WRWDO
VXVSHQGHG#SDUWLFXODWH#PDWWHU# +763,/#%ULWLVK#6PRNH/
FRHIILFLHQW# RI# KD]H# +&2+,# DQG# RWKHU#PHDVXUHV# RI
SDUWLFXODWH#PDWWHU1##7KHUH#LV#VRPH#HYLGHQFH#WKDW#WKH
UHODWLRQVKLS# EHWZHHQ# ILQH# SDUWLFXODWHV# +30 ,# DQG518
KHDOWK#HIIHFWV#PD\#EH#VWURQJHU#WKDQ#WKDW#EHWZHHQ#RWKHU
PHDVXUHV#RI#30#DQG#KHDOWK#HIIHFWV1# #,I# WKLV# LV# WUXH/
WKHQ# VWXGLHV# WKDW# XVH#PHDVXUHV# RI# 30# WKDW#PRUH
FORVHO\#DSSUR[LPDWH#WKH#ILQH#IUDFWLRQ#RI#30#+VXFK#DV
30 ,#DUH#SUHIHUDEOH#WR#WKRVH#WKDW#XVH#RWKHU#PHDVXUHV143
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Economically Valuable Health Effects Non-Overlapping Health Effects

$#QXPEHU#RI#WKH#KHDOWK#HQGSRLQWV#H[DPLQHG# LQ 6HYHUDO#HQGSRLQWV#UHSRUWHG#LQ#WKH#KHDOWK#HIIHFWV
WKH#OLWHUDWXUH#DUH#GLIILFXOW#WR#YDOXH#LQ#PRQHWDU\#WHUPV1 OLWHUDWXUH#RYHUODS#ZLWK#HDFK#RWKHU1##)RU#H[DPSOH/#WKH
7KHVH#HIIHFWV# LQFOXGH#IRUFHG#H[SLUDWRU\#YROXPH#DQG OLWHUDWXUH#UHSRUWV#UHODWLRQVKLSV#IRU#KRVSLWDO#DGPLVVLRQV
RWKHU#WHFKQLFDO#PHDVXUHPHQWV#RI#OXQJ#IXQFWLRQLQJ1##,W IRU# VLQJOH# UHVSLUDWRU\# DLOPHQWV# +H1J1# SQHXPRQLD# RU
LV#QRW#FOHDU#KRZ#WR#DVVLJQ#DQ#HFRQRPLF#YDOXH#WR#VXFK FKURQLF#REVWUXFWLYH#SXOPRQDU\#GLVHDVH,#DV#ZHOO#DV#IRU
HIIHFWV/#DV#WKHLU# LPSDFW#RQ#IXWXUH#PHGLFDO#FRQGLWLRQ DOO#UHVSLUDWRU\#DLOPHQWV#FRPELQHG1##6LPLODUO\/#VHYHUDO
DQG#OLIHVW\OH#DUH#QRW#ZHOO#XQGHUVWRRG1##2QH#PHWKRG#WR VWXGLHV# TXDQWLI\# WKH# RFFXUUHQFH# RI# UHVSLUDWRU\
YDOXH# WKHVH# ´FOLQLFDOµ#PHDVXUHV# LV# WR# HVWLPDWH# WKHLU V\PSWRPV#ZKHUH#WKH#GHILQLWLRQV#RI#V\PSWRPV#DUH#QRW
DVVRFLDWLRQ#ZLWK#DGYHUVH#KHDOWK#HIIHFWV#WKDW#DUH#YDOXHG1 XQLTXH#+H1J1/#VKRUWQHVV#RI#EUHDWK#RU#XSSHU#UHVSLUDWRU\

2VWUR# HW# DO1# +4<;<D,# UHDQDO\]HG# GDWD# IURP# IRXU
FRQWUROOHG# R]RQH# H[SRVXUH# VWXGLHV/# DQG# IRXQG# D
VWDWLVWLFDOO\# VLJQLILFDQW# UHODWLRQVKLS# EHWZHHQ# IRUFHG
H[SLUDWRU\# YROXPH# LQ# RQH# VHFRQG# +)(9 ,# DQG# WKH4
SUREDELOLW\# WKDW# DQ# LQGLYLGXDO# ZLOO# UHSRUW# D# PLOG/
PRGHUDWH#RU#VHYHUH#UHVSLUDWRU\#V\PSWRP1##,Q#WKLV#FDVH/
RQH#FRXOG#HVWLPDWH#R]RQH#EHQHILWV#E\#ILUVW#FDOFXODWLQJ
WKH#FKDQJH#LQ#)(9 #DVVRFLDWHG#ZLWK#D#JLYHQ#FKDQJH#LQ4
R]RQH#FRQFHQWUDWLRQ/#FRQYHUWLQJ#WKLV#WR#D#FKDQJH# LQ
UHVSLUDWRU\#V\PSWRPV/#DQG#WKHQ#YDOXLQJ#WKH#UHVSLUDWRU\
V\PSWRP# FKDQJH1# # ,Q# D# VHSDUDWH# VWXG\/#1HDV# DQG
6FKZDUW]# +4<<;,# IRXQG# WKDW# FHUWDLQ# PHDVXUHV# RI
UHGXFHG# SXOPRQDU\# IXQFWLRQLQJ# DUH# VLJQLILFDQW
SUHGLFWRUV#RI#PRUWDOLW\1##7KLV#UHVXOW/#KRZHYHU/#ZRXOG
EH#GLIILFXOW#WR#XVH#WR#FDOFXODWH#DLU#SROOXWLRQ#EHQHILWV/
EHFDXVH# WKH\# ORRNHG# DW# WKH# UHODWLRQVKLS# EHWZHHQ
GHFOLQHV#LQ#OXQJ#IXQFWLRQ#DQG#PRUWDOLW\/#DQG#WKH\#GLG
QRW# HVWLPDWH# WKH# LPSDFW# RI# DLU# SROOXWLRQ# RQ# WKLV
GHFOLQH>#VHSDUDWH#ZRUN#ZRXOG#EH#UHTXLUHG#WR#HVWLPDWH
WKH#LPSDFW#RI#DLU#SROOXWLRQ#RQ#OXQJ#IXQFWLRQ1

7KH# PDLQ# FRQFHUQ# ZKHQ# WUDQVODWLQJ# D# FOLQLFDO
PHDVXUH#VXFK#DV#)(9 # WR#DQ#HFRQRPLFDOO\#YDOXDEOH4
RQH# VXFK# DV# DFXWH# UHVSLUDWRU\# V\PSWRPV# LV# WKDW
HSLGHPLRORJLFDO#ZRUN#PD\#DOUHDG\#EH#DYDLODEOH#IURP
ZKLFK#RQH#FDQ#GLUHFWO\#HVWLPDWH#D#&05#IXQFWLRQ1##7R
HVWLPDWH#DFXWH#UHVSLUDWRU\#V\PSWRPV#GLUHFWO\#+IURP#DQ
HSLGHPLRORJLFDO# VWXG\,# DQG# LQGLUHFWO\# WKURXJK# WKH
FOLQLFDO# PHDVXUH/# ZRXOG# GRXEOH0FRXQW# WKH# HIIHFW1
$QRWKHU# FRQFHUQ# LV# WKDW#XVLQJ# WKH# LQGLUHFW#PHWKRG
DGGV# D# OD\HU# RI# XQFHUWDLQW\# EHFDXVH# RQH#PXVW# ILUVW
WUDQVODWH# WKH# HVWLPDWHG# FOLQLFDO# PHDVXUH# WR# WKH
HVWLPDWHG#HFRQRPLFDOO\#YDOXDEOH#PHDVXUH1

V\PSWRPV,1##0HDVXUHV#RI#UHVWULFWHG#DFWLYLW\#SURYLGH#D
ILQDO# H[DPSOH# RI# RYHUODSSLQJ# KHDOWK# HQGSRLQWV1
(VWLPDWHV#DUH#DYDLODEOH#IRU#SROOXWLRQ0UHODWHG#UHVWULFWHG
DFWLYLW\#GD\V/#PLOG#UHVWULFWHG#DFWLYLW\#GD\V/#DQG#DFWLYLW\
UHVWULFWLRQ#UHVXOWLQJ#LQ#ZRUN#ORVV1##:KLOH#WKH#EHQHILWV
DQDO\VLV# HVWLPDWHV# WKH# EHQHILWV# DVVRFLDWHG# ZLWK
LQGLYLGXDO#HQGSRLQWV/#LW#WDNHV#FDUH#LQ#GHFLGLQJ#ZKLFK
HQGSRLQWV#WR#LQFOXGH#LQ#DQ#HVWLPDWH#RI#WRWDO#EHQHILWV/
LQ#RUGHU#WR#DYRLG#GRXEOH0FRXQWLQJ#RI#EHQHILWV#IURP
RYHUODSSLQJ#HQGSRLQWV1##

Mortality

+HDOWK# UHVHDUFKHUV# KDYH# FRQVLVWHQWO\# OLQNHG# DLU
SROOXWLRQ#ZLWK#H[FHVV#PRUWDOLW\1##3URVSHFWLYH#FRKRUW
DQG#FURVV0VHFWLRQDO#VWXGLHV#KDYH#IRXQG#D#UHODWLRQVKLS
EHWZHHQ#PRUWDOLW\#RYHU#WKH#FRXUVH#RI#D#\HDU#RU#PRUH
ZLWK#SROOXWLRQ# OHYHOV#PHDVXUHG#RYHU#WKH#FRXUVH#RI#D
\HDU#RU#VHYHUDO#\HDUV1# #,Q#DGGLWLRQ/#D#QXPEHU#RI#VR0
FDOOHG#´VKRUW0WHUPµ#PRUWDOLW\#VWXGLHV#KDYH#OLQNHG#GDLO\
YDULDWLRQV#LQ#PRUWDOLW\#ZLWK#GDLO\#SROOXWLRQ#OHYHOV1

7KH#(3$#&OHDQ#$LU#&RXQFLO#+8161#(3$/#4<<</#S1
44,#UHFRPPHQGV#XVLQJ#WKH#SURVSHFWLYH#FRKRUW#VWXG\
E\#3RSH#HW#DO1#+4<<8,/#UDWKHU#WKDQ#VKRUW0WHUP#PRUWDOLW\
VWXGLHV1##$OWKRXJK#VKRUW0WHUP#VWXGLHV#OHQG#VXEVWDQWLDO
VXSSRUW#WR#WKH#K\SRWKHVLV#WKDW#WKHUH#LV#D#UHODWLRQVKLS
EHWZHHQ#30#DQG#PRUWDOLW\/# WKH\# IRFXV#RQO\#RQ# WKH
DFXWH#HIIHFWV#DVVRFLDWHG#ZLWK#GDLO\#SHDN#H[SRVXUHV1##,Q
FRQWUDVW/#WKH#3RSH#HW#DO1#VWXG\#ZDV#GHVLJQHG#WR#FDSWXUH
WKH#HIIHFW#RI#H[SRVXUH#RYHU#PDQ\#\HDUV/#KRZHYHU# LW
PD\#EH#OHVV#DEOH#WR#FDSWXUH#WKH#VKRUW0WHUP#LPSDFW#RI
SHDN#H[SRVXUHV1##7KLV#FUHDWHV#DQ#RYHUODS#RI#XQNQRZQ
VL]H#EHWZHHQ#WKH#PRUWDOLW\#HVWLPDWHV#EDVHG#RQ#VKRUW0
WHUP#VWXGLHV#DQG#3RSH#HW#DO1##&DSWXULQJ#WKH#FKURQLF
LPSDFW/# KRZHYHU/# LV# MXGJHG# PRUH# LPSRUWDQW# WKDQ
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PLVVLQJ#WKH#LPSDFW#RI#DQ#XQNQRZQ#QXPEHU#RI#GHDWKV 7KH#3RSH#HW#DO1#+4<<8,#VWXG\#LQFOXGHG#RQO\#30/#VR
RFFXUULQJ# # VKRUWO\#DIWHU# VKRUW0WHUP#SHDN#H[SRVXUHV1 LW# LV#XQFOHDU# WR#ZKDW#H[WHQW# LW#PD\#EH# LQFOXGLQJ# WKH
)RU#WKLV#UHDVRQ/#WKH#3RSH#HW#DO1#VWXG\#LV#SUHIHUUHG1##$ LPSDFWV#RI#R]RQH#RU#RWKHU#JDVHRXV#SROOXWDQWV1#%HFDXVH
VHFRQG#SURVSHFWLYH# FRKRUW# VWXG\#E\#'RFNHU\# HW# DO1 RI#FRQFHUQ#DERXW#RYHUVWDWLQJ#RI#EHQHILWV#DQG#EHFDXVH
+4<<6,#LV#DOVR#XVHG#WR#HVWLPDWH#WKH#LPSDFW#RI#30#RQ WKH#HYLGHQFH#DVVRFLDWLQJ#PRUWDOLW\#ZLWK#H[SRVXUH# WR
PRUWDOLW\1##+RZHYHU/#WKH#'RFNHU\#HW#DO1#VWXG\#XVHG#D SDUWLFXODWH#PDWWHU#LV#FXUUHQWO\#VWURQJHU#WKDQ#IRU#RWKHU
VPDOOHU#VDPSOH#RI#LQGLYLGXDOV#IURP#IHZHU#FLWLHV#WKDQ SROOXWDQWV/#RQO\#WKH#EHQHILWV#RI#300UHODWHG#PRUWDOLW\
WKH#VWXG\#E\#3RSH#HW#DO1/#DQG# LV#WKHUHIRUH#SUHVHQWHG DYRLGHG# DUH# LQFOXGHG# LQ# WKH# WRWDO#EHQHILWV# HVWLPDWH1
RQO\#DV#DQ#LOOXVWUDWLYH#FDOFXODWLRQ#WKDW#LV#FRQVLVWHQW#ZLWK 7KH# EHQHILWV# DVVRFLDWHG#ZLWK# R]RQH# UHGXFWLRQV# DUH
3RSH#HW#DO1#+4<<8,>#WKH#3RSH#HW#DO1#HVWLPDWH#LV#XVHG#LQ HVWLPDWHG#EXW#DUH#QRW#LQFOXGHG#LQ#WKH#HVWLPDWH#RI#WRWDO
WKH#SULPDU\#DQDO\VLV1 EHQHILWV1##7KH#UHODWLRQVKLS#EHWZHHQ#&2#DQG#PRUWDOLW\:

7KH#WRWDO#PRUWDOLW\#HIIHFW#HVWLPDWHG#E\#WKH#3RSH#HW QRW#SRLQW#WR#D#FOHDU#OLQN#EHWZHHQ#WKH#WZR1
DO1#+4<<8,#DQG#WKH#'RFNHU\#HW#DO#+4<<6,#VWXGLHV#GRHV
QRW#QHFHVVDULO\#RFFXU#LQ#WKH#VDPH#\HDU#DV#WKH#HVWLPDWHG
H[SRVXUH1##+RZHYHU/#WKH#H[DFW#UHODWLRQVKLS#EHWZHHQ
WKH#WLPH#RI#H[SRVXUH#DQG#PRUWDOLW\#LV#QRW#ZHOO#NQRZQ1
,Q# WKH# SULPDU\# DQDO\VLV/# ZH# DVVXPH# WKDW#PRUWDOLW\
RFFXUV#RYHU#D#ILYH#\HDU#SHULRG/#ZLWK#58#SHUFHQW#RI#WKH
GHDWKV#RFFXUULQJ# LQ# WKH# ILUVW#\HDU/#58#SHUFHQW# LQ# WKH
VHFRQG#\HDU/#DQG# 491:#SHUFHQW# LQ#HDFK#RI# WKH# WKLUG/
IRXUWK/#DQG#ILIWK#\HDUV1##:H#DOVR#SHUIRUP#DQ#DQDO\VLV#RI
WKH# VHQVLWLYLW\# RI# EHQHILWV# # YDOXDWLRQ# WR# WKH# ODJ
VWUXFWXUH#E\#FRQVLGHULQJ#D#UDQJH#RI#DVVXPSWLRQV#DERXW
WKH# WLPLQJ# RI# PRUWDOLW\# +VHH# $SSHQGL[# +,1# # ,W# LV
LPSRUWDQW# WR# NHHS# LQ#PLQG# WKDW# FKDQJHV# LQ# WKH# ODJ
DVVXPSWLRQV# GR# QRW# FKDQJH# WKH# WRWDO# QXPEHU# RI
HVWLPDWHG# GHDWKV/# EXW# UDWKHU# WKH# WLPLQJ# RI# WKRVH
GHDWKV1#

$W# OHDVW# VRPH#HYLGHQFH#KDV#EHHQ# IRXQG# OLQNLQJ
HDFK#RI# WKH#FULWHULD#SROOXWDQWV#ZLWK#PRUWDOLW\1# #7KLV
UDLVHV#FRQFHUQV#WKDW#WKH#PRUWDOLW\0UHODWHG#EHQHILWV#RI
DLU#SROOXWLRQ#UHGXFWLRQ#PD\#EH#RYHUVWDWHG#LI#VHSDUDWH
SROOXWDQW0VSHFLILF#HVWLPDWHV/#VRPH#RI#ZKLFK#PD\#KDYH
EHHQ# REWDLQHG# IURP# PRGHOV# H[FOXGLQJ# WKH# RWKHU
SROOXWDQWV/#DUH#DJJUHJDWHG1##,Q#DGGLWLRQ/#WKHUH#PD\#EH
LPSRUWDQW# LQWHUDFWLRQV#EHWZHHQ#SROOXWDQWV#DQG# WKHLU
HIIHFW#RQ#PRUWDOLW\1

LV#EULHIO\#FRQVLGHUHG/#EXW#WKH#HYLGHQFH#UHYLHZHG#GRHV

Statistical Lives Saved Versus
Statistical Life-Years Saved

&RQVLGHUDEOH#DWWHQWLRQ#KDV#EHHQ#SDLG#WR#XVLQJ#OLIH0
\HDUV#ORVW#DV#DQ#DOWHUQDWLYH#WR#OLYHV#ORVW#DV#D#PHDVXUH#RI
SROOXWLRQ0UHODWHG#SUHPDWXUH#PRUWDOLW\1##7KLV#DQDO\VLV
XVHV#ERWK#DSSURDFKHV#WR#HVWLPDWLQJ#SROOXWLRQ0UHODWHG
SUHPDWXUH#PRUWDOLW\1

7KH# DFWXDO# QXPEHU# RI# \HDUV# DQ\# SDUWLFXODU
LQGLYLGXDO#LV#JRLQJ#WR#OLYH#FDQQRW#EH#NQRZQ1##,QVWHDG/
RQH# HVWLPDWHV# WKH# H[SHFWHG/# RU# VWDWLVWLFDO# DYHUDJH/
QXPEHU#RI##´OLIH0\HDUV#ORVWµ1##7KH#QXPEHU#RI#OLIH0\HDUV
ORVW#PD\#EH#H[SUHVVHG#DV#WKH#DYHUDJH#QXPEHU#RI#OLIH0
\HDUV#ORVW#IRU#DOO#RI#WKH#SHRSOH#ZKR#DUH#H[SRVHG#+WKH#H[
DQWH#PHDVXUH,/#RU#DV#WKH#DYHUDJH#QXPEHU#RI#OLIH0\HDUV
ORVW#IRU#WKH#SHRSOH#ZKR#GLHG#IURP#H[SRVXUH#+WKH#H[
SRVW#PHDVXUH,1#

7KH#H[#DQWH#HVWLPDWH#RI#OLIH0\HDUV#ORVW#GHSHQGV#RQ
WKH#LQGLYLGXDO#KDYLQJ#EHHQ#H[SRVHG#WR#D#SROOXWDQW/#QRW
RQ#WKH#LQGLYLGXDO#KDYLQJ#GLHG#SUHPDWXUHO\#IURP#WKDW
H[SRVXUH1##6XSSRVH/#IRU#H[DPSOH/#WKDW#D#58#\HDU#ROG
KDV#D#OLIH#H[SHFWDQF\#RI#83#PRUH#\HDUV#LQ#WKH#DEVHQFH
RI# 30# H[SRVXUH# DQG# RQO\# 7;# PRUH# \HDUV# LQ# WKH
SUHVHQFH# RI# H[SRVXUH1# # 7KH# H[SRVHG# 58# \HDU# ROG
ZRXOG/#RQ#DYHUDJH/#KDYH#KHU#OLIH#H[SHFWDQF\#VKRUWHQHG
E\#WZR#\HDUV1##7KDW#LV/#WZR#H[SHFWHG#OLIH0\HDUV#ZRXOG
EH#ORVW#E\#HYHU\#H[SRVHG#LQGLYLGXDO1

7KH#H[#SRVW#HVWLPDWH#RI#OLIH0\HDUV#ORVW#GHSHQGV#RQ
WKH#LQGLYLGXDO#DFWXDOO\#KDYLQJ#GLHG#IURP#H[SRVXUH#WR
SROOXWLRQ1# #:KHQ#DQ# LQGLYLGXDO#GLHV#RI#H[SRVXUH# WR

7KH#3RSH#HW#DO1/#4<<8#VWXG\#HVWLPDWHG#D#&05#FRHIILFLHQW#XVLQJ:

PHGLDQ# 30# FRQFHQWUDWLRQ# GDWD># KRZHYHU/# PHDQ# SROOXWDQW
FRQFHQWUDWLRQ#LV#WKH#PHDVXUH#RI#FHQWUDO#WHQGHQF\#FRPPRQO\#XVHG
LQ# RWKHU# KHDOWK# VWXGLHV1# #:H#ZLOO# H[SORUH# WKH# SRVVLELOLW\# RI# UH0
HVWLPDWLQJ# WKH# 30# PRUWDOLW\# &05# IXQFWLRQ# XVLQJ# PHDQ
FRQFHQWUDWLRQ#GDWD#LQ#IXWXUH#;45#SURVSHFWLYH#DQDO\VHV1##
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30/#KH# LV#VDLG#WR#KDYH# ORVW#WKH#QXPEHU#RI#\HDUV#KH RI#OLIH/#PRVW#H[SRVHG#LQGLYLGXDOV#GR#QRW#DFWXDOO\#GLH
ZRXOG# KDYH# EHHQ# H[SHFWHG# WR# OLYH># WKLV# FDQ# EH IURP# H[SRVXUH# WR#30#DQG# WKHUHIRUH# ORVH#]HUR# OLIH0
FDOFXODWHG# IURP# DJH0# DQG# JHQGHU0VSHFLILF# OLIH \HDUV1# # 7KH# DYHUDJH# OLIH0\HDUV# ORVW# SHU# H[SRVHG
H[SHFWDQF\#WDEOHV1##6XSSRVH#WKDW#WKH#OLIH#H[SHFWDQF\#RI LQGLYLGXDO#LQ#D#SRSXODWLRQ/#DOWHUQDWLYHO\#UHIHUUHG#WR#DV
58#\HDU#ROGV#LV#:8#00#D#58#\HDU#ROG#FDQ#H[SHFW#WR#OLYH#83 WKH#DYHUDJH#GHFUHDVH#LQ#OLIH#H[SHFWDQF\#RI#WKH#H[SRVHG
PRUH#\HDUV1##$#58#\HDU#ROG#ZKR#GLHV#IURP#H[SRVXUH#WR SRSXODWLRQ/# LV# WKHUHIRUH# KHDYLO\# ZHLJKWHG# WRZDUGV
30#KDV#WKHUHIRUH#ORVW#83#H[SHFWHG#\HDUV#RI#OLIH1##7KLV ]HUR1
LV# WKH# OLIH0\HDUV# ORVW# WKDW# FDQ#EH# H[SHFWHG#E\# HYHU\
DIIHFWHG#58#\HDU#ROG#+L1H1/#HYHU\#58#\HDU#ROG#ZKR#DFWXDOO\ 7KH#H[#DQWH#DQG#H[#SRVW#PHDVXUHV#RI#OLIH0\HDUV#ORVW
GLHV#IURP#H[SRVXUH#WR#30,1 WDNH#WKH#VDPH#WRWDO#QXPEHU#RI# OLIH0\HDUV# ORVW#E\#WKH

(VWLPDWHV# RI# WKH# WRWDO# OLIH0\HDUV# ORVW# E\# D GHQRPLQDWRUV1##7KH#H[#DQWH#PHDVXUH#GLYLGHV#WKH#WRWDO
SRSXODWLRQ#H[SRVHG#WR#30#GHSHQG#RQ#VHYHUDO#IDFWRUV/ OLIH0\HDUV#ORVW#E\#WKH#WRWDO#SRSXODWLRQ#H[SRVHG>#WKH#H[
LQFOXGLQJ# WKH# DJH# GLVWULEXWLRQ# DQG# WKH# VL]H# RI# WKH SRVW#PHDVXUH#GLYLGHV#WKH#VDPH#WRWDO#OLIH0\HDUV#ORVW#E\
H[SRVHG#SRSXODWLRQ/#WKH#PDJQLWXGH#RI#WKH#30#FKDQJH/ RQO\#D#VPDOO#VXEVHW#RI#WKH#WRWDO#SRSXODWLRQ#H[SRVHG/
WKH# UHODWLYH# ULVN# DVVXPHG# WR#EH# DVVRFLDWHG#ZLWK# WKH QDPHO\/#WKRVH#ZKR#GLHG#IURP#301##7KH#DYHUDJH#SHU
FKDQJH# LQ# 30/# DQG# WKH# OHQJWK# RI# H[SRVXUH1# # $ H[SRVHG#LQGLYLGXDO#LV#WKHUHIRUH#PXFK#VPDOOHU#WKDQ#WKH
SRSXODWLRQ#FKURQLFDOO\#H[SRVHG#WR#D#JLYHQ#LQFUHDVH#LQ DYHUDJH#SHU#DIIHFWHG#LQGLYLGXDO1##%HFDXVH#ERWK#W\SHV#RI
30# ZLOO# ORVH# PRUH# OLIH0\HDUV# WKDQ# D# SRSXODWLRQ DYHUDJH# PD\# EH# UHSRUWHG/# DQG# ERWK# DUH# YDOLG
H[SRVHG#WR#WKH#VDPH#LQFUHDVH#LQ#30#IRU#RQO\#D#\HDU#RU PHDVXUHPHQWV/# LW# LV# LPSRUWDQW# WR# XQGHUVWDQG# WKDW/
WZR1 # #$#SRSXODWLRQ# WKDW# LV#JHQHUDOO\#ROGHU#ZLOO# ORVH DOWKRXJK#WKH#QXPEHUV#ZLOO#EH#YHU\#GLVVLPLODU/#WKH\#DUH;

IHZHU# OLIH0\HDUV/# DOO# HOVH# HTXDO/# WKDQ# RQH# WKDW# LV FRQVLVWHQW#ZLWK#HDFK#RWKHU#DQG#DUH#VLPSO\#GLIIHUHQW
JHQHUDOO\# \RXQJHU/# EHFDXVH# ROGHU# LQGLYLGXDOV# KDYH PHDVXUHV#RI#WKH#HVWLPDWHG#PRUWDOLW\#LPSDFW#RI#301
IHZHU# +H[SHFWHG,# \HDUV# RI# OLIH# OHIW# WR# ORVH1# #$QG# D
SRSXODWLRQ#H[SRVHG#WR#D#JUHDWHU# LQFUHDVH# LQ#30#ZLOO 7R#LOOXVWUDWH#WKH#GLIIHUHQW#PHDVXUHV#RI#OLIH0\HDUV
ORVH#PRUH# OLIH0\HDUV# WKDQ#RQH# H[SRVHG# WR# D# VPDOOHU ORVW#DQG#WKH#HIIHFWV#RI#YDULRXV#LQSXW#DVVXPSWLRQV#RQ
LQFUHDVH# LQ# 301# # )LQDOO\/# WKH# OLIH0\HDUV# ORVW# E\# WKH WKHVH# PHDVXUHV/# GHDWK# UDWHV# IURP# WKH# 4<<5# 8161
SRSXODWLRQ#ZLOO#LQFUHDVH#DV#WKH#UHODWLYH#ULVN#DVVRFLDWHG 6WDWLVWLFDO#$EVWUDFW#ZHUH#XVHG#WR#IROORZ#D#FRKRUW#RI
ZLWK#WKH#LQFUHDVH#LQ#30#LQFUHDVHV1 433/333#8161#PDOHV#IURP#ELUWK#WR#DJH#<3#LQ#D#´GLUW\µ

/LIH0\HDUV# ORVW# DUH# XVXDOO\# UHSRUWHG# DV# DYHUDJHV DVVXPSWLRQV1##'HDWK#UDWHV#ZHUH#DYDLODEOH#IRU#DJHV#OHVV
RYHU#D#SRSXODWLRQ#RI#LQGLYLGXDOV1##7KH#SRSXODWLRQ#RYHU WKDQ# 4/# DJHV# 407/# DQG# IRU# WHQ0\HDU# DJH# JURXSV
ZKLFK#WKH#DYHUDJH#LV#FDOFXODWHG/#KRZHYHU/#FDQ#PDNH#D WKHUHDIWHU1##7KH#WHQ0\HDU#DJH#JURXSV#ZHUH#GLYLGHG#LQWR
FUXFLDO# GLIIHUHQFH# LQ# WKH# UHSRUWHG# DYHUDJH# OLIH0\HDUV ILYH0\HDU#DJH#JURXSV/#DSSO\LQJ#WKH#GHDWK#UDWH#IRU#WKH
ORVW1# #7KH#DYHUDJH# OLIH0\HDUV# ORVW#SHU#H[SRVHG# LQGLYLGXDO WHQ0\HDU#JURXS#WR#HDFK#RI#WKH#FRUUHVSRQGLQJ#ILYH0\HDU
+WKH#H[#DQWH#HVWLPDWH,#LV#MXVW#WKH#WRWDO#OLIH0\HDUV#ORVW#E\ DJH#JURXSV1##([#DQWH#DQG#H[#SRVW#PHDVXUHV#RI#OLIH0\HDUV
WKH# SRSXODWLRQ# RI# H[SRVHG# LQGLYLGXDOV# ZKR# GLHG ORVW#DPRQJ#WKRVH#LQGLYLGXDOV#ZKR#VXUYLYH#WR#WKH#5805<
GLYLGHG# E\# WKH# QXPEHU# RI# H[SRVHG# LQGLYLGXDOV1 \HDU# ROG# FDWHJRU\# +<9/<7:# LQGLYLGXDOV,# ZHUH# ILUVW
$OWKRXJK#WKRVH# LQGLYLGXDOV#ZKR#GR#GLH#SUHPDWXUHO\ FDOFXODWHG#XQGHU#WKH#DVVXPSWLRQV#LQ#WKH#:RUOG#+HDOWK
IURP#H[SRVXUH#WR#30#PD\#ORVH#VHYHUDO#H[SHFWHG#\HDUV 2UJDQL]DWLRQ# +:+2,# 4<<9# UHSRUW1# # 7KHVH

H[SRVHG# SRSXODWLRQ# DQG# GLYLGH# WKHP# E\# GLIIHUHQW

VFHQDULR# DQG# D# ´FOHDQµ# VFHQDULR/# XQGHU# YDULRXV

DVVXPSWLRQV#ZHUH#WKDW#WKH#UHODWLYH#ULVN#RI#PRUWDOLW\#LQ
WKH#´GLUW\µ#VFHQDULR#YHUVXV#WKH#´FOHDQµ#VFHQDULR#LV#414>
WKDW#H[SRVXUH#GRHV#QRW#EHJLQ#XQWLO#DJH# 58># WKDW# WKH
HIIHFW#RI#H[SRVXUH#HIIHFWV#REVHUYHG# WKURXJKRXW# WKH
ILIWHHQ# \HDU# H[SRVXUH# SHULRG# FDQ# EH# VXPPHG# DQG
DWWULEXWHG#+IRU#PDWKHPDWLFDO#FRQYHQLHQFH,#WR#WKH#48WK
\HDU#RI#H[SRVXUH>#WKDW#LQGLYLGXDOV#DW#WKH#EHJLQQLQJ#RI

# #(YHQ# LQ#WKH#DEVHQFH#RI# #FXPXODWLYH#HIIHFWV#RI#H[SRVXUH/;

H[SRVXUH#RI#D#SRSXODWLRQ#IRU#PDQ\#\HDUV#ZLOO#UHVXOW# LQ#D#JUHDWHU
WRWDO#QXPEHU#RI#SROOXWLRQ0UHODWHG#GHDWKV#WKDQ#H[SRVXUH#IRU#RQO\#D
\HDU#RU#WZR/#EHFDXVH#WKH#VDPH#UHODWLYH#ULVN#LV#DSSOLHG#UHSHDWHGO\/
\HDU#DIWHU#\HDU/#WR#WKH#SRSXODWLRQ/#UDWKHU#WKDQ#IRU#RQO\#D#\HDU#RU
WZR1
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HDFK# DJH# JURXSLQJ# HLWKHU# VXUYLYH# WR# WKH# QH[W# DJH (YHQ#LI#WKHUH#LV#D#WUXH#UHODWLRQVKLS#EHWZHHQ#R]RQH
JURXSLQJ# RU# OLYH# ]HUR# PRUH# \HDUV># DQG# WKDW# DOO DQG# SUHPDWXUH# PRUWDOLW\/# DIWHU# WDNLQJ# SDUWLFXODWH
LQGLYLGXDOV#DJH#;8#OLYH#H[DFWO\#ILYH#PRUH#\HDUV1##8QGHU PDWWHU# LQWR# DFFRXQW/# WKHUH# ZRXOG# EH# D# SRWHQWLDO
WKHVH# DVVXPSWLRQV/# WKH# H[SHFWHG# OLIH0\HDUV# ORVW# SHU SUREOHP# RI# GRXEOH# FRXQWLQJ# LQ# WKLV# DQDO\VLV# LI# WKH
H[SRVHG#LQGLYLGXDO#LQ#WKH#5805<#\HDU#ROG#FRKRUW#LV#4165 R]RQH#HIIHFWV#RQ#SUHPDWXUH#PRUWDOLW\#ZHUH#DGGHG#WR
\HDUV/#ZKLOH#WKH#H[SHFWHG# OLIH0\HDUV# ORVW#SHU#DIIHFWHG WKH#30#HIIHFWV#HVWLPDWHG#E\#3RSH#HW#DO1/#4<<8/#EHFDXVH/
LQGLYLGXDO# +L1H1/#IRU#HDFK#RI# WKH#:/979#H[SHFWHG#300 DV# QRWHG# DERYH/# WKH# 3RSH# VWXG\# GRHV# QRW# LQFOXGH
UHODWHG#GHDWKV,#LV#49177#\HDUV1# R]RQH# LQ# LWV#PRGHO1# #%HFDXVH#RI# WKLV/# WKH#SRWHQWLDO

Ozone and Mortality

7KH# OLWHUDWXUH# LQYHVWLJDWLQJ# WKH# UHODWLRQVKLS
EHWZHHQ# R]RQH# DQG# PRUWDOLW\# KDV# EHHQ# UDSLGO\
HYROYLQJ#RYHU#WKH#ODVW#VHYHUDO#\HDUV1##2I#WKH#64#WLPH0
VHULHV#HSLGHPLRORJ\#VWXGLHV#LGHQWLILHG#LQ#WKH#OLWHUDWXUH
WKDW# UHSRUW# TXDQWLWDWLYH# UHVXOWV# RQ# D# SRVVLEOH
DVVRFLDWLRQ#EHWZHHQ#GDLO\#R]RQH#FRQFHQWUDWLRQV#DQG
GDLO\#PRUWDOLW\/#58#ZHUH#SXEOLVKHG#RU#SUHVHQWHG#VLQFH
4<<81#7KHVH#VWXGLHV#ZHUH#FRQGXFWHG#LQ#YDULRXV#XUEDQ
DUHDV# WKURXJKRXW# WKH#ZRUOG=# VL[WHHQ# LQ# WKH#8QLWHG
6WDWHV#RU#&DQDGD/#QLQH# LQ#(XURSH/# WZR# LQ#$XVWUDOLD/
DQG#IRXU#LQ#/DWLQ#$PHULFD1#6HYHQWHHQ#RI#WKH#VWXGLHV
UHSRUW#D#VWDWLVWLFDOO\#VLJQLILFDQW#UHODWLRQVKLS#EHWZHHQ
R]RQH# DQG#PRUWDOLW\/#ZLWK# WKH#PRUH# UHFHQW# VWXGLHV
WHQGLQJ#WR#ILQG#VWDWLVWLFDO#VLJQLILFDQFH#PRUH#RIWHQ#WKDQ
WKH#HDUOLHU#VWXGLHV1#

:KLOH# WKH# JURZLQJ# ERG\# RI# HSLGHPLRORJLFDO
VWXGLHV# VXJJHVWV# WKDW# WKHUH# PD\# EH# D# SRVLWLYH
UHODWLRQVKLS#EHWZHHQ#R]RQH#DQG#SUHPDWXUH#PRUWDOLW\/
WKHUH# LV# VWLOO# VXEVWDQWLDO# XQFHUWDLQW\# DERXW# WKLV
UHODWLRQVKLS1#%HFDXVH#WKH#HYLGHQFH#OLQNLQJ#SUHPDWXUH
PRUWDOLW\#DQG#SDUWLFXODWH#PDWWHU#LV#FXUUHQWO\#VWURQJHU
WKDQ# WKH# HYLGHQFH# OLQNLQJ# SUHPDWXUH#PRUWDOLW\# DQG
R]RQH/#LW#LV#LPSRUWDQW#WKDW#PRGHOV#RI#WKH#UHODWLRQVKLS
EHWZHHQ#R]RQH# DQG#PRUWDOLW\# LQFOXGH# D#PHDVXUH#RI
SDUWLFXODWH#PDWWHU# DV#ZHOO1# #%HFDXVH# RI# WKH# ODFN# RI
PRQLWRULQJ# GDWD# RQ# ILQH# SDUWLFXODWHV# RU# LWV
FRPSRQHQWV/# KRZHYHU/# WKH# PHDVXUH# RI# SDUWLFXODWH
PDWWHU#XVHG#LQ#PRVW#VWXGLHV#ZDV#JHQHUDOO\#HLWKHU#3043
RU# 763# RU/# LQ# VRPH# FDVHV/# %ODFN# 6PRNH1# # ,I# D
FRPSRQHQW#RI#30/#VXFK#DV#30 #RU#VXOIDWHV/#LV#PRUH518
KLJKO\#FRUUHODWHG#ZLWK#R]RQH#WKDQ#ZLWK#30 #RU#763/43
DQG# LI# WKLV# FRPSRQHQW# LV# DOVR# UHODWHG# WR#SUHPDWXUH
PRUWDOLW\/#WKHQ#WKH#DSSDUHQW#R]RQH#HIIHFWV#RQ#PRUWDOLW\
FRXOG#EH#DW#OHDVW#SDUWLDOO\#VSXULRXV1##

R]RQH0PRUWDOLW\# UHODWLRQVKLS# LV# QRW# LQFOXGHG# LQ# WKH
SULPDU\#DQDO\VLV1##,QVWHDG#WKH#EHQHILWV#DVVRFLDWHG#ZLWK
R]RQH#UHGXFWLRQV#DUH#HVWLPDWHG#LQ#D#VHQVLWLYLW\#DQDO\VLV1
7KH# UHVXOWV# RI# WKLV# VHQVLWLYLW\# DQDO\VLV# VKRXOG# EH
UHYLHZHG#ZLWK# WKH#DSSURSULDWH#FDXWLRQ/#KRZHYHU/# LQ
YLHZ#RI#WKH#DERYH0QRWHG#XQFHUWDLQWLHV#VXUURXQGLQJ#D
SRWHQWLDO#R]RQH0PRUWDOLW\#UHODWLRQVKLS1

7R#V\QWKHVL]H#WKH#UHVXOWV#RI#PXOWLSOH#VWXGLHV#RQ
WKH# UHODWLRQVKLS# EHWZHHQ# R]RQH# DQG# SUHPDWXUH
PRUWDOLW\/#D#PRGLILHG#PHWD0DQDO\VLV#PHWKRG#ZDV#XVHG1
%HFDXVH#RI#GLIIHUHQFHV#LQ#WKH#DYHUDJLQJ#WLPHV#XVHG#LQ
WKH#XQGHUO\LQJ#VWXGLHV#+VRPH#XVH#GDLO\#DYHUDJH#R]RQH
OHYHOV/#ZKLOH#RWKHUV#XVH#40KRXU#GDLO\#PD[LPXP#YDOXHV,/
WKH# PHWD0DQDO\VLV# DSSURDFK# ZDV# DSSOLHG# WR# WKH
SUHGLFWHG#PRUWDOLW\# LQFLGHQFH# FKDQJHV# HVWLPDWHG#E\
HDFK#RI#WKH#VWXGLHV#UDWKHU#WKDQ#WR#WKH#FRHIILFLHQWV#RI
R]RQH#LQ#WKH#&05#IXQFWLRQV1#

$#VWXG\#ZDV#LQFOXGHG#LQ#WKH#PHWD0DQDO\VLV#LI#LW#+4,
LV# LQ# RU# KDV# EHHQ# DFFHSWHG# E\# D# SHHU0UHYLHZHG
SXEOLFDWLRQ># +5,#UHSRUWV#TXDQWLWDWLYH#UHVXOWV#IRU#GDLO\
PRUWDOLW\#DQG#R]RQH#+UDWKHU#WKDQ#IRU#RWKHU#PHDVXUHV
VXFK# DV# WRWDO# R[LGDQWV,># +6,# FRQVLGHUV# WKH# HQWLUH
SRSXODWLRQ# +UDWKHU# WKDQ# RQO\# D# VXEVHW# RI# WKH
SRSXODWLRQ,# LQ# WKH# VWXG\# ORFDWLRQ># +7,#FRQVLGHUV# WKH
ZKROH#\HDU#+UDWKHU#WKDQ#RQO\#D#VHDVRQ#RU#VHDVRQV,>#+8,
FRQVLGHUV# DOO# QRQ0DFFLGHQWDO# RU# WRWDO#PRUWDOLW\># +9,
FRQVLGHUV#RQO\#RQH#ORFDWLRQ#+UDWKHU#WKDQ#D#SRROLQJ#RI
UHVXOWV# DFURVV# PXOWLSOH# ORFDWLRQV,># DQG# +:,# UHSRUWV
UHVXOWV#IURP#D#FRSROOXWDQW#PRGHO/#WKDW#LQFOXGHV#30#RU
VRPH#SUR[\#IRU#30#LQ#WKH#PRGHO#ZLWK#R]RQH/#DV#ZHOO
DV# VRPH#PHDVXUH#RI# WHPSHUDWXUH# DQG# VHDVRQ1# #7KH
VHOHFWLRQ#RI#D#VLQJOH#UHVXOW#IURP#DPRQJ#PXOWLSOH#R]RQH
UHVXOWV#UHSRUWHG#LQ#WKH#VDPH#VWXG\#ZDV#IDFLOLWDWHG#E\
WKH#IROORZLQJ#WKUHH#DGGLWLRQDO#VHOHFWLRQ#FULWHULD=#+;,#30
+30 #RU#30 ,# LV#SUHIHUDEOH# WR#RWKHU#PHDVXUHV#RI43 518
SDUWLFXODWH#PDWWHU>#+<,#PRUH#SROOXWDQWV#LQ#WKH#PRGHO#LV
SUHIHUDEOH# WR# IHZHU# SROOXWDQWV># DQG# +43,# 3RLVVRQ



The Benefits and Costs of the Clean Air Act, 1990 to 2010

D-20

UHJUHVVLRQ#LV#SUHIHUUHG#WR#RWKHU#VSHFLILFDWLRQV1 ##1LQH<

VWXGLHV#ZHUH#FKRVHQ#XVLQJ#WKHVH#FULWHULD1##7R#PLQLPL]H
EHQHILWV# WUDQVIHU# SUREOHPV/# WKH# PHWD0DQDO\VLV# ZDV
OLPLWHG# WR# WKH# IRXU#RI# WKHVH#QLQH# VWXGLHV# WKDW#ZHUH
FRQGXFWHG# LQ#WKH#8QLWHG#6WDWHV1# #7DEOH#'05D#EULHIO\
GHVFULEHV# WKH# IRXU# VWXGLHV# LQFOXGHG# LQ# WKH# PHWD0
DQDO\VLV1

# $OPRVW# DOO# WKH# PRGHOV# LQ# WKH# OLWHUDWXUH# XVHG# 3RLVVRQ<

UHJUHVVLRQ1##7KLV#ILQDO#FULWHULRQ#ZDV#WKHUHIRUH#LQFOXGHG#WR#LPSRVH
FRQVLVWHQF\/# LI# WKHUH#ZDV#QR#RWKHU#PHDQV#E\#ZKLFK# WR# VHOHFW# D
PRGHO#IURP#DPRQJ#VHYHUDO#PRGHOV#LQ#D#VWXG\1
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Table D-2a
 Studies and Results Selected for Meta-Analysis of the Relationship between Daily Mortality
and Exposure to Ambient Ozone in the United States

Study Duration in model (ppb) Increase in O
Study Location/ Copollutants Measure 95% CI for a 25 ppb

O  Concentration Relative Risk and3

3

Ito and Thurston Cook County, PM average of same day 1.016
(1996) Illinois and previous day 1-hr (1.004 — 1.029)a

1985-1990 maxima

10

Kinney et al. (1995) Los Angeles PM daily 1-hr max 1.000
County  (0.989 — 1.010)

1985-1990

10

The following studies were used to generate a single distribution for Philadelphia:

Moolgavkar et al. Philadelphia TSP, SO daily avg 1.015
(1995) 1973-1988  (1.004 — 1.026)

2

Samet et al. (1997) Philadelphia TSP, SO , NO , 2-day avg 1.024
1974-1988 Lagged CO (1.008 — 1.039)

2 2

 Relative risks derived from the ozone coefficient and standard error from the copollutant model were provided by personala

communication with Dr. Kazuhiko Ito.

Carbon Monoxide and Mortality

5HVHDUFK#ZRUN#SUHVHQWV#VRPH#HYLGHQFH#WKDW#&2
PD\#EH#VLJQLILFDQWO\#OLQNHG#WR#PRUWDOLW\/#DOWKRXJK#LW#LV
QRW# FOHDU# WR# ZKDW# H[WHQW# &2#PD\# KDYH# DQ# HIIHFW
LQGHSHQGHQW# RI#301# #%XUQHWW# HW# DO1# +4<<;,# VWXGLHG
PRUWDOLW\# LQ# DVVRFLDWLRQ# ZLWK# &2/# 12 /# 2 /# 62 /5 6 5
FRHIILFLHQW#RI#KD]H/#763/#VXOIDWHV#DQG#HVWLPDWHG#30518
DQG#30 #IURP#4<;304<<7#LQ#PHWURSROLWDQ#7RURQWR143
,Q#PRGHOV#WKDW#LQFOXGHG#WKH#GD\#RI#WKH#ZHHN/#ZHDWKHU/
&2#DQG#RQH#RI#WKH#RWKHU#SROOXWDQWV/#WKH\#IRXQG#WKDW
GDLO\# DYHUDJH# &2# DQG# DOO# RI# WKH# 30# PHDVXUHV
FRQWULEXWHG#D#VLJQLILFDQW#IUDFWLRQ#RI#WKH#GDLO\#QXPEHU
RI#QRQ0DFFLGHQWDO#GHDWKV1##7KH#PHDVXUH#IRU#FRHIILFLHQW
RI#KD]H#KDG#WKH#VWURQJHVW#LPSDFW#RQ#WKH#UHODWLYH#ULVN
IRU#&21##7KH#UHODWLYH#ULVN#DVVRFLDWHG#ZLWK#D#417#SSP
FKDQJH#+L1H1/#<8 #WR#WKH#8 #&2#SHUFHQWLOH,#ZDV#413:3#LQWK WK

WKH#VLQJOH#SROOXWDQW#PRGHO>#ZLWK#WKH#DGGLWLRQ#RI#&2+/
LW# IHOO# WR# 41376# +%XUQHWW# HW# DO1/# 4<<;/# 7DEOH# 5,1
1HYHUWKHOHVV/#WKH#LPSDFW#RI#&2#LV#VWLOO#TXLWH#ODUJH/#DQG
LW#LV#UHSRUWHG#WR#RFFXU#LQ#DOO#VHDVRQV/#DJH/#DQG#GLVHDVH
JURXSLQJV1##7KH#PRGHO#ZLWK#WKH#EHVW#ILW#LQFOXGHG#&2
DQG#7631##:LWK#ERWK#&2#DQG#763#LQ#WKH#PRGHO#DQG
XVLQJ#WKH#PHDQ#OHYHOV#RI#WKH#SROOXWDQWV#UHSRUWHG#IRU
7RURQWR/#&2#FRQWULEXWHG/#RQ#DYHUDJH/#71:(#RI#GDLO\
QRQ0DFFLGHQWDO# GHDWKV# DQG# 763# FRQWULEXWHG# 4(
+%XUQHWW#HW#DO1/#4<<;/#S1#9;<,1

$#UHYLHZ#RI#WKUHH#DUWLFOHV#VXJJHVWV#WKDW#%XUQHWW#HW
DO1·V# UHVXOWV# PD\# QRW# EH# FRQVLVWHQW# ZLWK# RWKHU
SXEOLVKHG#UHVXOWV#+7DEOH#'05E,1 ##,Q#D#PRGHO#ZLWK#&243

DQG#30 /#.LQQH\#HW#DO1# +4<<8/#)LJXUH#6,#UHSRUWHG#D43
UHODWLYH#ULVN#RI#4138#IRU#D#43#SSP#&2#LQFUHDVH#+ZLWK#D
<8(#FRQILGHQFH# LQWHUYDO#RI# 31<;04145,1# #7KLV# LV#QRW
VWDWLVWLFDOO\#VLJQLILFDQW#DW#WKH#XVXDO#VLJQLILFDQFH#OHYHO#RI
8(/#DQG#WKH#LPSOLHG#UHODWLYH#ULVN#+4133:,#IRU#D#417#SSP
FKDQJH#LV#DERXW#VL[#WLPHV#VPDOOHU#WKDQ#WKDW#UHSRUWHG#E\
LQ# %XUQHWW# HW# DO·V# WZR0SROOXWDQW# PRGHO1 # # 6DOGLYD44

+4<<8/#7DEOH#7,#UHSRUWHG#D#SRVLWLYH#DQG#VLJQLILFDQW#&2
UHJUHVVLRQ# FRHIILFLHQW# LQ# D# PRGHO# ZLWK# MXVW# &21
(VWLPDWHG#DW#WKH#PHDQ/#WKLV#VXJJHVWV#D#UHODWLYH#ULVN#RI
4136<#SHU#417#SSP#RI#&2/#RU#DERXW#KDOI#WKH#VL]H#RI
WKDW#UHSRUWHG#LQ#%XUQHWW#HW#DO1·V#VLQJOH#SROOXWDQW#PRGHO
+55# #413:3,1 ##6DOGLYD#HW#DO1#DOVR#UHSRUWHG#D#PRGHO45

ZLWK# &2# DORQJ# ZLWK# DOO# RI# WKH# RWKHU# PHDVXUHG

$#IRXUWK#VWXG\/#E\#*Z\QQ/#%XUQHWW/#DQG#7KXUVWRQ/#FLWHG#DV43

EHLQJ#VXEPLWWHG#IRU#SXEOLFDWLRQ/#ZDV#QRW#FRQVLGHUHG#KHUH1

7KH# XQGHUO\LQJ# FRHIILFLHQW# HTXDOV# WKH# ORJDULWKP# RI# WKH44

UHODWLYH#ULVN#GLYLGHG#E\#WKH#FKDQJH#LQ#SROOXWLRQ1

7KH#UHJUHVVLRQ#FRHIILFLHQW/#¢/# #419<##+6DOGLYD#HW#DO1/#4<<8/45

7DEOH#7,#DQG#WKH#PHDQ#PRUWDOLW\#UDWH#SHU#GD\# #9519#+4<<8/#7DEOH
4,1##(VWLPDWHG#PRUWDOLW\#DIWHU#UHGXFLQJ#&2#E\#417#SSP# #93156
GHDWKV#SHU#GD\1##7KH#UHODWLYH#ULVN# #+951<293156,# #4136<1
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SROOXWDQWV=#30 /#62 /#12 /#DQG#2 1##,Q#WKLV#PRGHO/43 5 [ 6
WKH# 30 # FRHIILFLHQW# UHPDLQHG# VLJQLILFDQW# DQG43
XQFKDQJHG#IURP#LWV#VLQJOH0SROOXWDQW#PRGHO#YDOXH/#EXW
WKH#&2#FRHIILFLHQW#GURSSHG#VXEVWDQWLDOO\#DQG#EHFDPH
LQVLJQLILFDQW# +4<<8/#7DEOH#7,1#7RXORXPL#HW#DO1# +4<<9/
7DEOH# 7,# HVWLPDWHG# D# VLQJOH#SROOXWDQW#PRGHO#ZLWK# D
UHSRUWHG#UHODWLYH#ULVN#RI#4138#IRU#D#:19#PJ2P #ULVH#LQ6

&21# # $VVXPLQJ# D# FRQYHUVLRQ# RI# 4# SSP#  # 41478
PJ2P #+8161#(3$/#4<<4/#7DEOH#604,/#WKLV#VXJJHVWV#D6

UHODWLYH# ULVN# +41348,# WKDW# LV#DERXW# ILYH# WLPHV# VPDOOHU
WKDQ#WKH#UHODWLYH#ULVN#+413:3,#LQ#%XUQHWW#HW#DO1·V#VLQJOH
SROOXWDQW#PRGHO#YDOXH1

,Q#4<<4/#WKH#(3$#+4<<4/#S1##4045,#FRQFOXGHG#WKDW
WKH#UHVXOWV#RI#&2#HSLGHPLRORJLFDO#ZRUN#´LV#VXJJHVWLYH/
EXW#QRW# FRQFOXVLYH# HYLGHQFHµ# WKDW#&2#PD\# OHDG# WR
VXGGHQ#GHDWK#LQ#SHUVRQV#ZLWK#FRURQDU\#DUWHU\#GLVHDVH1
6LQFH# WKDW# WLPH/#VWXGLHV#E\#0RUULV#HW#DO1# +4<<8,#DQG
6FKZDUW]#DQG#0RUULV#+4<<8,#UHSRUWHG#WKDW#DPELHQW#&2
FRQFHQWUDWLRQV# LQFUHDVH# WKH# OLNHOLKRRG# RI
KRVSLWDOL]DWLRQ# IRU#FDUGLRYDVFXODU#GLVHDVH1# # ,W# LV#QRW
XQOLNHO\# WKDW#D#FHUWDLQ# IUDFWLRQ#RI# WKHVH#DGPLWWDQFHV
ZLOO#GLH/#DQG# WKXV# LQGLUHFWO\#RQH#PLJKW#HVWLPDWH# WKH
LPSDFW#RI#&2#RQ#PRUWDOLW\1##+RZHYHU/#WKHUH#GRHV#QRW
DSSHDU# WR#EH#D#VWXG\# IURP#ZKLFK#RQH#PD\#GHYHORS
ZLWK#FRQILGHQFH#D#&05#IXQFWLRQ#WR#GLUHFWO\#HVWLPDWH
&20UHODWHG#PRUWDOLW\1 ##7KH#UHVXOWV#IURP#%XUQHWW#HW#DO146

+4<<;,# VXJJHVW# WKDW# &2# PD\# KDYH# DQ# HIIHFW# RQ
PRUWDOLW\# LQGHSHQGHQW#RI#RWKHU#SROOXWDQWV/#EXW# LW# LV
SUHPDWXUH#WR#EDVH#DQ#HVWLPDWH#RI#&20UHODWHG#PRUWDOLW\
ZLWK#WKH#UHODWLYH#ULVN#SXEOLVKHG#LQ#WKHLU#VWXG\1

7KLV#GLIILFXOW\#PD\#EH#UHODWHG#LQ#SDUW#WR#WKH#KLJKO\#YDULDEOH46

&2#FRQFHQWUDWLRQV#WKDW#DUH#W\SLFDOO\#IRXQG#LQ#DQ#XUEDQ#DUHD1
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Table D-2b
Selected Studies and Results for Carbon Monoxide and Mortality

Study Location and Population Endpoint Pollutants Main Findings Comment
Period

Burnett et Toronto, Canada All ages, non- CO,NO , Significant CO effect found in all two Association with cardiac-
al. (1998) 1980-1994 metropolita accidental SO , O , pollutant models.  Controlling for CO, related mortality is stronger,

n Toronto mortality SO , TSP, significant effect found for SO , TSP, COH, but CO is also significantly

2

2 3

4

COH, PM , and PM . related to non-cardiac
PM , mortality.  PM  and PM10

PM estimated from SO , TSP,2.5

4

10 2.5

10 2.5

4

and COH.

Kinney et al. Los Angeles All ages non- CO,  O , In single pollutant models, CO significant, Magnitude of single pollutant
(1995) County accidental PM and PM  and O  are marginally significant. CO relationship drops

1985-1990 mortality In model with CO and PM , both CO and modestly with inclusion of

3

10 10 3

10

PM  are not significant. PM .10 10

Saldiva et Sao Paulo, Brazil Elderly mortality CO, O , CO significant in single pollutant model. 
al. (1995) 1990 to 1991 (+65 years) from PM , SO , CO not significant in model with all other

natural NO pollutants.
causes

3

10 2

x

Touloumi et Athens, Greece All ages total CO, SO , CO, SO , and black smoke significant in Deaths during a one month
al. (1996) 1987-1991 mortality black single pollutant models. summertime heat wave were

2

smoke excluded from analysis

2
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Post-Neonatal Mortality #

,Q#D#UHFHQW#VWXG\#RI#IRXU#PLOOLRQ#LQIDQWV#LQ#;9#8161
PHWURSROLWDQ#DUHDV/#:RRGUXII#HW#DO1#+4<<:,#OLQNHG#3043
H[SRVXUH# LQ# WKH# ILUVW# WZR#PRQWKV#RI#DQ# LQIDQW·V# OLIH
ZLWK#WKH#SUREDELOLW\#RI#G\LQJ#EHWZHHQ#WKH#DJHV#RI#5;
GD\V# DQG# 697# GD\V1# # ,Q# DGGLWLRQ# WR# WKH# ZRUN# E\
:RRGUXII#HW#DO1/#UHFHQW#ZRUN#LQ#0H[LFR#&LW\#+/RRPLV
HW#DO1/#4<<<,/#WKH#&]HFK#5HSXEOLF# +%REDN#DQG#/HRQ/
4<<5,/#6DR#3DXOR# +3HUHLUD#HW#DO1/#4<<;>#6DOGLYD#HW#DO1/
4<<7,/# DQG# %HLMLQJ# +:DQJ# HW# DO1/# 4<<:,# SURYLGHV
DGGLWLRQDO# HYLGHQFH# WKDW# SDUWLFXODWH# OHYHOV# DUH
VLJQLILFDQWO\#UHODWHG#WR# LQIDQW#RU#FKLOG#PRUWDOLW\/# ORZ
ELUWK#ZHLJKW#RU#LQWUDXWHULQH#PRUWDOLW\#+7DEOH#'06,1

&RQFHSWXDOO\/#QHRQDWDO#RU#FKLOG##PRUWDOLW\#FRXOG#EH
DGGHG#WR#WKH#SUHPDWXUH#PRUWDOLW\#SUHGLFWHG#E\#3RSH#HW
DO1#+4<<8,/#EHFDXVH#WKH#3RSH#IXQFWLRQ#FRYHUV#RQO\#WKH
SRSXODWLRQ# RYHU# 63# \HDUV# ROG1# # 3UHGLFWHG# QHRQDWDO
PRUWDOLW\# FRXOG# QRW# EH# DGGHG# WR# WKH# SUHPDWXUH
PRUWDOLW\#SUHGLFWHG#E\#WKH#GDLO\#+VKRUW0WHUP#H[SRVXUH,
PRUWDOLW\# VWXGLHV/# KRZHYHU/# EHFDXVH# WKHVH# VWXGLHV
FRYHU#DOO#DJHV1##7KH#(3$#&OHDQ#$LU#&RXQFLO#UHFHQWO\
DGYLVHG# WKH# $JHQF\# QRW# WR# LQFOXGH# SRVW0QHRQDWDO
PRUWDOLW\#LQ#WKLV#DQDO\VLV#EHFDXVH#WKH#VWXG\#LV#RI#D#QHZ
HQGSRLQW#DQG#WKH#UHVXOWV#KDYH#QRW#EHHQ#UHSOLFDWHG#LQ
RWKHU#VWXGLHV#+8161#(3$/#4<<</#S1##45,1##7KH#HVWLPDWHG
DYRLGHG#LQFLGHQFHV#RI#QHRQDWDO#PRUWDOLW\#DUH#HVWLPDWHG
DQG# SUHVHQWHG# DV# D# VHQVLWLYLW\# DQDO\VLV/# EXW# DUH# QRW
LQFOXGHG#LQ#WKH#DJJUHJDWH#EHQHILWV#DQDO\VLV#UHVXOWV1
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Table D-3
Studies and Results Selected for Adverse Effects in Fetuses, Infants, and Young Children

Study Period Population Endpoint Pollutants Main Findings
Location and

Bobak and 45 of 86 neonates (0- all-cause TSP, SO , Controlling for SO  and NO , TSP
Leon administrative 1 month); mortality; NO linked to all-cause and respiratory
(1992) districts in the post- respiratory post-neonatal mortality; weaker,

Czech Republic neonates (1- mortality insignificant effect found for
1986-1988 12 months) neonatal.  Controlling for TSP and

2

x

2 x

SO , NO  marginally significant for2 x

all-cause and respiratory post-
neonatal mortality; no effect for
neonatal mortality.  No effect found
for SO .2

Loomis et southwestern infants <1 all cause PM , O , PM  and NO  significant in single
al. (1999) Mexico City year old mortality NO , SO pollutant models.  PM  and NO

1/93-7/95 both not significant in two pollutant

2.5 3

2 2

2.5 2

2.5 2

model; PM  coefficient changed2.5

little from single pollutant; NO2

coefficient dropped substantially.  O3

not significant.  SO  not analyzed2

since ambient levels were negligible.  

Pereira et Sao Paulo, fetuses over intrauterine PM , O , In single pollutant models, NO , SO ,
al. (1998) Brazil 28 weeks of mortality NO , SO , and CO significantly related to

1/91-12/92 pregnancy CO intrauterine mortality.  PM  and O
age not significant.  Considering all

10 3

2 2

2 2

10 3

pollutants simultaneously, NO  is the2

only significant pollutant.

Ritz and Los Angeles, gestational low birth CO Average CO exposure in the last
Yu (1999) CA age 37-44 weight trimester associated with low birth

1989-1993 weeks weight.

Saldiva et Sao Paulo, children <5 respiratory PM , O , NO  significantly related to
al. (1994) Brazil mortality NO , SO , respiratory mortality.  No effect found

5/90-4/91 CO for the other pollutants.

10 3

x 2

x

Wang et al. Beijing, China gestational low birth TSP, SO TSP and SO  exposure in the final
(1997) 1988-1991 age 37-44 weight trimester significantly related to low

weeks birth weight.  Both pollutants highly

2 2

correlated (r=0.92).

Woodruff 86 metropolitan post- all-cause PM PM  exposure in the first two months
et al. areas in the neonates (1- mortality; of life significant for all-cause
(1997) U.S. 12 months) respiratory mortality.  PM  significant for

1989-1991 mortality respiratory mortality in average birth-

10 10

10

weight infants, but not low birth-
weight infants.

Xu et al. Beijing, China 25,370 pre-term TSP, SO TSP and SO  exposure significant for
(1995a) 1988 pregnant delivery pre-term delivery.

women

2 2
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Chronic Illness

7KHUH#DUH#D#OLPLWHG#QXPEHU#RI#VWXGLHV#WKDW#KDYH
HVWLPDWHG# WKH# LPSDFW# RI# DLU# SROOXWLRQ# RQ# FKURQLF
EURQFKLWLV#+7DEOH#'07,1##$Q#LPSRUWDQW#KLQGUDQFH#LV#WKH
ODFN#RI#KHDOWK#GDWD# DQG# WKH# DVVRFLDWHG# DLU#SROOXWLRQ
OHYHOV#RYHU#D#QXPEHU#RI#\HDUV1##6FKZDUW]#+4<<6,#DQG
$EEH\#HW#DO1#+4<<8>#4<<6,#SURYLGH#HYLGHQFH#WKDW#30
H[SRVXUH#RYHU# D#QXPEHU#RI# \HDUV# JLYHV# ULVH# WR# WKH
GHYHORSPHQW#RI#FKURQLF#EURQFKLWLV#LQ#WKH#8161/#DQG#D
UHFHQW# VWXG\# E\#0F'RQQHOO# HW# DO1# +4<<<,# SURYLGHV
HYLGHQFH# WKDW# R]RQH# H[SRVXUH# LV# OLQNHG# WR# WKH
GHYHORSPHQW#RI#DVWKPD#LQ#DGXOWV1##7KHVH#UHVXOWV#DUH
FRQVLVWHQW# ZLWK# UHVHDUFK# WKDW# KDV# IRXQG# FKURQLF
H[SRVXUH#WR#SROOXWDQWV#OHDGV#WR#GHFOLQLQJ#SXOPRQDU\
IXQFWLRQLQJ#+$EEH\#HW#DO1/#4<<;>#$FNHUPDQQ0/LHEULFK
HW#DO1/#4<<:>#'HWHOV#HW#DO1/#4<<4,1

6FKZDUW]#+4<<6,#H[DPLQHG#VXUYH\#GDWD#FROOHFWHG
IURP#6/;:7#DGXOWV#UDQJLQJ#LQ#DJH#IURP#63#WR#:7/#DQG
OLYLQJ#LQ#86#XUEDQ#DUHDV#LQ#WKH#8161##7KH#VXUYH\#ZDV
FRQGXFWHG# EHWZHHQ# 4<:7# DQG# 4<:8/# DV# SDUW# RI# WKH
1DWLRQDO#+HDOWK#DQG#1XWULWLRQ#([DPLQDWLRQ#6XUYH\/
DQG#LV#UHSUHVHQWDWLYH#RI#WKH#QRQ0LQVWLWXWLRQDOL]HG#8161
SRSXODWLRQ1# # 6FKZDUW]# +4<<6/# 7DEOH# 6,# UHSRUWHG
FKURQLF# EURQFKLWLV# SUHYDOHQFH# UDWHV# LQ# WKH# VWXG\
SRSXODWLRQ#E\#DJH/#UDFH/#DQG#JHQGHU1##1RQ0ZKLWH#PDOHV
XQGHU# 85# \HDUV#ROG#KDG# WKH# ORZHVW# UDWH# +41:(,# DQG
ZKLWH#PDOHV#85#\HDUV#DQG#ROGHU#KDG#WKH#KLJKHVW#UDWH
+<16(,1##7KH#VWXG\#H[DPLQHG#WKH#UHODWLRQVKLS#EHWZHHQ
WKH# SUHYDOHQFH# RI# UHSRUWHG# FKURQLF# EURQFKLWLV# DQG
DQQXDO#OHYHOV#RI#763/#FROOHFWHG#LQ#WKH#\HDU#SULRU#WR#WKH
VXUYH\1##

$EEH\#HW#DO1#+4<<8>#4<<6,#DUH#SDUW#RI#D#VHULHV#RI
VWXGLHV# RI# DQ# RQJRLQJ# SURVSHFWLYH# FRKRUW# WUDFNLQJ
UHVHDUFK# SURMHFW# WKDW# EHJDQ# LQ# 4<::1# # 7KHVH# WZR
VWXGLHV# RQ# WKH# GHYHORSPHQW# RI# FKURQLF# UHVSLUDWRU\
LOOQHVV#DUH#EDVHG#RQ#D#WHQ#\HDU#IROORZ0XS#H[DPLQDWLRQ
RI#DGXOW#6HYHQWK0'D\#$GYHQWLVWV#OLYLQJ#LQ#&DOLIRUQLD1
$EEH\# HW# DO1# +4<<6,# H[DPLQHG# 6/<47# DGXOWV/# DQG
HVWLPDWHG# WKH# UHODWLRQVKLS# EHWZHHQ# DQQXDO# PHDQ
DPELHQW#763/#R]RQH# DQG# 62 # DQG# WKH#SUHVHQFH#RI5
FHUWDLQ# FKURQLF# UHVSLUDWRU\# V\PSWRPV# +LQFOXGLQJ
DLUZD\#REVWUXFWLYH#GLVHDVH#+$2',/#FKURQLF#EURQFKLWLV/
DQG#DVWKPD,#WKDW#ZHUH#QRW#SUHVHQW#DW#WKH#EHJLQQLQJ#RI
WKH#VWXG\1##763#ZDV#VLJQLILFDQWO\#OLQNHG#WR#QHZ#FDVHV

RI#$2'#DQG#FKURQLF#EURQFKLWLV/#EXW#QRW#WR#DVWKPD#RU
WKH#VHYHULW\#RI#DVWKPD1##2]RQH#ZDV#QRW#OLQNHG#WR#WKH
LQFLGHQFH#RI#QHZ#FDVHV#RI#DQ\#HQGSRLQW/#EXW#R]RQH
ZDV#OLQNHG#WR#WKH#VHYHULW\#RI#DVWKPD1##1R#HIIHFW#ZDV
IRXQG# IRU# 62 1# #$EEH\# HW# DO1# +4<<8,# H[DPLQHG# WKH5
UHODWLRQVKLS#EHWZHHQ#HVWLPDWHG#30 # +DQQXDO#PHDQ518
IURP#4<99#WR#4<::,/#30 #+DQQXDO#PHDQ#IURP#4<:6#WR43
4<::,#DQG#763##+DQQXDO#PHDQ#IURP#4<:6#WR#4<::,#DQG
WKH#VDPH#FKURQLF#UHVSLUDWRU\#V\PSWRPV#LQ#D#VDPSOH
SRSXODWLRQ# RI# 4/;9;# &DOLIRUQLDQ# 6HYHQWK0'D\
$GYHQWLVWV1##,Q#WKLV#VLQJOH0SROOXWDQW#VWXG\/#WKHUH#ZDV#D
VWDWLVWLFDOO\# VLJQLILFDQW# 30 # UHODWLRQVKLS# ZLWK518
GHYHORSPHQW#RI#FKURQLF#EURQFKLWLV/#EXW#QRW#IRU#$2'
RU# DVWKPD># 30 # ZDV# VLJQLILFDQWO\# DVVRFLDWHG# ZLWK43
FKURQLF# EURQFKLWLV# DQG# $2'># DQG# 763# ZDV
VLJQLILFDQWO\# DVVRFLDWHG# ZLWK# DOO# FDVHV# RI# DOO# WKUHH
FKURQLF#V\PSWRPV1

7KH#0F'RQQHOO#HW#DO1#+4<<<,#VWXG\#XVHG#WKH#VDPH
FRKRUW#RI#6HYHQWK0'D\#$GYHQWLVWV/#DQG#H[DPLQHG#WKH
DVVRFLDWLRQ#EHWZHHQ# DLU#SROOXWLRQ# DQG# WKH#RQVHW#RI
DVWKPD#LQ#DGXOWV#EHWZHHQ#4<::#DQG#4<<51##0DOHV#ZKR
GLG#QRW#UHSRUW#GRFWRU0GLDJQRVHG#DVWKPD#LQ#4<::/#EXW
UHSRUWHG#LW#LQ#4<;:#RU#4<<5/#KDG#VLJQLILFDQWO\#KLJKHU
R]RQH#H[SRVXUHV/#FRQWUROOLQJ#IRU#RWKHU#FRYDULDWHV>#QR
VLJQLILFDQW#HIIHFW#ZDV#IRXQG#EHWZHHQ#R]RQH#H[SRVXUH
DQG# DVWKPD# LQ# IHPDOHV1# #1R# VLJQLILFDQW# HIIHFW#ZDV
UHSRUWHG#IRU#IHPDOHV#RU#PDOHV#GXH#WR#H[SRVXUH#WR#30/
12 /#62 /#RU#62 15 5 7

:H# HVWLPDWH# WKH# FKDQJHV# LQ# WKH# QHZ# FDVHV# RI
FKURQLF# EURQFKLWLV# XVLQJ# WKH# VWXGLHV# E\# 6FKZDUW]
+4<<6,/#$EEH\#HW#DO1#+4<<6,/#DQG#$EEH\#HW#DO1#+4<<8,>
DOVR/#ZH#HVWLPDWH#WKH#RQVHW#RI#DVWKPD#LQ#DGXOW#PDOHV
XVLQJ# WKH#ZRUN# E\#0F'RQQHOO# HW# DO1# +4<<<,1# #7KH
6FKZDUW]#VWXG\#LV#VRPHZKDW#ROGHU#DQG#XVHV#D#FURVV0
VHFWLRQDO#GHVLJQ>#KRZHYHU/# LW# LV#EDVHG#RQ#D#QDWLRQDO
VDPSOH/#XQOLNH#WKH#$EEH\#HW#DO1#VWXGLHV#ZKLFK#DUH#EDVHG
RQ#D#VDPSOH#RI#&DOLIRUQLD#UHVLGHQWV#ZKR#ZHUH#QRQ0
VPRNHUV1##:H#ILUVW#SRRO#WKH#HVWLPDWHV#IURP#WKH#WZR
VWXGLHV#E\#$EEH\#HW#DO1#²#VLQFH#WKH\#DUH#EDVHG#RQ#WKH
VDPH# VDPSOH# SRSXODWLRQ# DQG# VLPSO\# XVH# GLIIHUHQW
PHDVXUHV#RI#30#²#DQG#WKHQ#SRRO#WKLV#HVWLPDWH#ZLWK
WKDW#IURP#6FKZDUW]1

7KH#$EEH\#HW#DO1#+4<<8>#4<<6,#VWXGLHV#DUH#EDVHG#RQ
WKH# LQFLGHQFH# RI# QHZ# FDVHV# RI# FKURQLF# EURQFKLWLV/
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KRZHYHU/#6FKZDUW]#+4<<6,##LV#EDVHG#RQ#WKH#SUHYDOHQFH#RI
FKURQLF#EURQFKLWLV/#QRW#LWV#LQFLGHQFH1##7R#XVH#6FKZDUW]·V
VWXG\#DQG#VWLOO#HVWLPDWH#WKH#FKDQJH#LQ#LQFLGHQFH/#WKHUH
DUH#DW#OHDVW#WZR#SRVVLEOH#DSSURDFKHV1##7KH#ILUVW#LV#WR
VLPSO\#DVVXPH#WKDW#LW#LV#DSSURSULDWH#WR#XVH#WKH#EDVHOLQH
LQFLGHQFH#RI#FKURQLF#EURQFKLWLV#LQ#D#&05#IXQFWLRQ#ZLWK
WKH# HVWLPDWHG# FRHIILFLHQW# IURP#6FKZDUW]·V# VWXG\/# WR
GLUHFWO\#HVWLPDWH#WKH#FKDQJH#LQ#LQFLGHQFH1##7KH#VHFRQG
LV#WR#HVWLPDWH#WKH#SHUFHQWDJH#FKDQJH#LQ#WKH#SUHYDOHQFH
UDWH# IRU# FKURQLF# EURQFKLWLV# XVLQJ# WKH# HVWLPDWHG
FRHIILFLHQW#IURP#6FKZDUW]·V#VWXG\#LQ#D#&05#IXQFWLRQ/
DQG#WKHQ#WR#DVVXPH#WKDW#WKLV#SHUFHQWDJH#FKDQJH#DSSOLHV
WR# D#EDVHOLQH# LQFLGHQFH# UDWH#REWDLQHG# IURP# DQRWKHU
VRXUFH1# # +7KDW# LV/# LI# WKH# SUHYDOHQFH# GHFOLQHV# E\# 58
SHUFHQW#ZLWK#D#JLYHQ#GHFUHDVH# LQ#30/# WKHQ#EDVHOLQH
LQFLGHQFH#GURSV#E\#58#SHUFHQW#ZLWK#WKH#VDPH#GURS#LQ
30,1# # 7KLV# DQDO\VLV# XVHV# WKH# ODWWHU# DSSURDFK/# DQG
HVWLPDWHV#WKH#FKDQJH#LQ#LQFLGHQFH#E\#ILUVW#HVWLPDWLQJ
WKH#SHUFHQWDJH#FKDQJH#LQ#SUHYDOHQFH1
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Table D-4
Summary of Selected Studies for Chronic Illness

Study Period Population Endpoint Pollutants Main Findings Comment
Location and

Abbey et al. California 3,914 AOD; chronic TSP, O , TSP linked to new cases of AOD and Emphysema, chronic
(1993) initial survey: 1977 Seventh bronchitis; SO chronic bronchitis, but not to asthma or bronchitis, and asthma

final survey: 1987 Day asthma the severity of asthma.  O  not linked to comprise AOD.
Adventists the incidence of new cases of any

3

2

3

endpoint, but O  was linked only to the3

severity of asthma.  No effect found for
SO .2

Abbey et al. California 1,868 AOD; chronic PM PM  related to new cases of chronic PM  estimated from visibility
(1995) initial survey: 1977 Seventh bronchitis; bronchitis, but not to new cases of data.

final survey: 1987 Day asthma AOD or asthma.
Adventists

2.5 2.5 2.5

Chapman et 4 Utah 5,623 persistent SO , SO , Persistent cough and phlegm is higher
al. (1985) communities young cough and NO , TSP in the community with higher SO , SO ,

1976 adults phlegm and TSP concentrations.

2 4

3 2 4

McDonnell California 3,091 asthma O , PM ,, Single pollutant models: O Average pollution level from
et al. (1999) initial survey: 1977 Seventh SO , SO , significantly linked to new asthma 1973-1992 used.  Prior to

final survey: 1992 Day NO cases in males, but not in females; 1987, PM  estimated from
Adventists other pollutants not significantly linked TSP.

3 10

4 2

2

3

to new asthma cases in males or
females.  Two pollutant models
estimated for ozone with another
pollutant; little impact found on size of
ozone coefficient.

10

Portney and Nationwide sample 1,318 sinusitis, hay O , TSP Controlling for TSP, O  significantly
Mullahy from the 1979 U.S. persons fever, AOD related to the initiation (or
(1990) National Health age 17-93 exacerbation) of sinusitis and hay

Interview Survey fever; no effect on AOD.  TSP not

3 3

significantly related to any endpoint,
although it is marginally significant for
AOD.
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Schwartz Nationwide sample 6,138 chronic TSP TSP significantly related to the Respiratory illness defined as
(1993) from the National individuals bronchitis; prevalence of chronic bronchitis, and a significant condition, coded

Health and ages 30-74 asthma; marginally significant for respiratory by an examining physician as
Nutrition shortness of illness.  No effect on asthma or ICD8 code (460-519)
Examination breath dyspnea.
Survey (dyspnea);
1974-1975 respiratory

illness

Xu et al. Beijing, China 1,576 chronic TSP; SO Chronic bronchitis significantly higher
(1993) Survey conducted never bronchitis; in the community with the highest TSP

August-September smokers asthma level.  TSP not linked to the prevalence
1986 of asthma.

2

Zemp et al. Eight sites in 9,651 chronic TSP, PM , Single pollutant models: PM  and NO
(1999) Switzerland individuals phlegm, NO , O significantly associated with chronic

1991 ages 18-60 chronic cough, phlegm, chronic cough or phlegm,
breathlessness breathlessness and dyspnea.  Similar
, asthma, though less significant associations
dyspnea on found for TSP.  No significant effect
exertion found for O .

10

2 3

10 2

3
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Hospital Admissions

7KHUH#LV#D#ZHDOWK#RI#HSLGHPLRORJLFDO#LQIRUPDWLRQ
RQ#WKH#UHODWLRQVKLS#EHWZHHQ#DLU#SROOXWLRQ#DQG#KRVSLWDO
DGPLVVLRQV#IRU#YDULRXV#UHVSLUDWRU\#DQG#FDUGLRYDVFXODU
GLVHDVHV>#LQ#DGGLWLRQ/#VRPH#VWXGLHV#KDYH#H[DPLQHG#WKH
UHODWLRQVKLS# EHWZHHQ# DLU# SROOXWLRQ# DQG# HPHUJHQF\
URRP# +(5,# YLVLWV1# #%HFDXVH#PRVW# HPHUJHQF\# URRP
YLVLWV#GR#QRW#UHVXOW#LQ#DQ#DGPLVVLRQ#WR#WKH#KRVSLWDO#00
WKH#PDMRULW\#RI#SHRSOH#JRLQJ#WR#WKH#(5#DUH#WUHDWHG#DQG
UHWXUQ#KRPH#00#ZH#WUHDW#KRVSLWDO#DGPLVVLRQV#DQG#(5
YLVLWV#VHSDUDWHO\/#WDNLQJ#DFFRXQW#RI#WKH#IUDFWLRQ#RI#(5
YLVLWV#WKDW#GR#JHW#DGPLWWHG#WR#WKH#KRVSLWDO/#DV#GLVFXVVHG
EHORZ1##

+RVSLWDO# DGPLVVLRQV# UHTXLUH# WKH# SDWLHQW# WR# EH
H[DPLQHG# E\# D# SK\VLFLDQ/# DQG# RQ# DYHUDJH# PD\
UHSUHVHQW# PRUH# VHULRXV# LQFLGHQWV# WKDQ# (5# YLVLWV
+/LSIHUW/# 4<<6/# S1# 563,1# # 7KH# WZR#PDLQ# JURXSV# RI
KRVSLWDO# DGPLVVLRQV# HVWLPDWHG# LQ# WKLV# DQDO\VLV# DUH
UHVSLUDWRU\#DGPLVVLRQV#DQG#FDUGLRYDVFXODU#DGPLVVLRQV1
7KHUH#LV#QRW#PXFK#HYLGHQFH#OLQNLQJ#DLU#SROOXWLRQ#ZLWK
RWKHU#W\SHV#RI#KRVSLWDO#DGPLVVLRQV1##7KH#RQO\#W\SHV#RI
(5#YLVLWV#WKDW#KDYH#EHHQ#OLQNHG#WR#DLU#SROOXWLRQ#LQ#WKH
8161#RU#&DQDGD#DUH#DVWKPD0UHODWHG#YLVLWV1

7R#HVWLPDWH#WKH#QXPEHU#RI#KRVSLWDO#DGPLVVLRQV
IRU#UHVSLUDWRU\#LOOQHVV/#ZH#SRRO#WKH#LQFLGHQFH#HVWLPDWHV
IURP#D#YDULHW\#RI#8161#DQG#&DQDGLDQ#VWXGLHV/#XVLQJ#D
UDQGRP#HIIHFWV#ZHLJKWLQJ#SURFHGXUH1##7KHVH#VWXGLHV
GLIIHU# IURP# HDFK# RWKHU# LQ# WZR# LPSRUWDQW#ZD\V=# +4,
6RPH# VWXGLHV# FRQVLGHUHG# SHRSOH# RI# DOO# DJHV# ZKLOH
RWKHUV#FRQVLGHUHG#RQO\#SHRSOH#DJHV#98#DQG#ROGHU>#DQG
+5,#7KH#,QWHUQDWLRQDO#&ODVVLILFDWLRQ#RI#'LVHDVHV#0#<WK
UHYLVLRQ# +,&'0<,# FRGHV# LQFOXGHG# LQ# VWXGLHV# RI
UHVSLUDWRU\#KRVSLWDO#DGPLVVLRQV#DQG#DLU#SROOXWLRQ#YDU\
VXEVWDQWLDOO\1##

7KH#EURDGHVW#FODVVLILFDWLRQ#XVHG#+IRU#H[DPSOH/#LQ
6FKZDUW]/# 4<<9,# LQFOXGHV# ,&'0<# FRGHV# 793084<1
2WKHU#VWXGLHV/#KRZHYHU/#FRQVLGHUHG#RQO\#VXEVHWV#RI
WKH#EURDGHU#FODVVLILFDWLRQ1##)RU#H[DPSOH/#%XUQHWW#HW#DO1
+4<<:E,#FRQVLGHU#,&'0<#FRGHV#799/#7;307;9/#7<307<7/
DQG#7<91##7KH#FRUUHFW#VHW#RI#,&'#FRGHV#IRU#WKLV#VWXG\
LV# GLIILFXOW# WR# GHWHUPLQH1# # ,I# WKH# EURDGHVW# FDWHJRU\
+793084<,#LV#WRR#EURDG/#LQFOXGLQJ#UHVSLUDWRU\#LOOQHVVHV
WKDW#DUH#QRW#OLQNHG#WR#DLU#SROOXWLRQ/##ZH#ZRXOG#H[SHFW

WKH# HVWLPDWHG# SROOXWDQW# FRHIILFLHQWV# WR# EH# ELDVHG
GRZQZDUG># KRZHYHU/# WKH\# ZRXOG# EH# XVHG# LQ
FRPELQDWLRQ# ZLWK# D# ODUJHU# EDVHOLQH# LQFLGHQFH# LQ
HVWLPDWLQJ#FKDQJHV#LQ#UHVSLUDWRU\#KRVSLWDO#DGPLVVLRQV
DVVRFLDWHG#ZLWK#FKDQJHV#LQ#SROOXWDQW#FRQFHQWUDWLRQV1
,I# WKH# EURDGHVW# FDWHJRU\# LV# FRUUHFW# +L1H1/# LI# DOO# WKH
UHVSLUDWRU\# LOOQHVVHV# LQFOXGHG#DUH#DFWXDOO\#DVVRFLDWHG
ZLWK#DLU#SROOXWLRQ,/#WKHQ#VWXGLHV#XVLQJ#RQO\#VXEVHWV#RI
,&'# FRGHV#ZLWKLQ# WKDW# FDWHJRU\#ZRXOG#SUHVXPDEO\
XQGHUVWDWH# WKH# FKDQJH# LQ# UHVSLUDWRU\# KRVSLWDO
DGPLVVLRQV1##,W#LV#OLNHO\/#KRZHYHU/#WKDW#DOO#WKH#VWXGLHV
KDYH#LQFOXGHG#WKH#PRVW#LPSRUWDQW#UHVSLUDWRU\#LOOQHVVHV/
DQG#WKDW#WKH#LPSDFW#RI#GLIIHUHQFHV#LQ#WKH#GHILQLWLRQ#RI
´DOO# UHVSLUDWRU\# LOOQHVVHVµ#PD\# EH# OHVV# WKDQ# WKDW# RI
RWKHU#VWXG\#GHVLJQ#FKDUDFWHULVWLFV1##:H#WKHUHIRUH#WUHDW
HDFK# VWXG\# HTXDOO\/# DW# OHDVW# LQLWLDOO\/# LQ# WKH# SRROLQJ
SURFHVV/#DVVXPLQJ#WKDW#HDFK#VWXG\#JLYHV#D#UHDVRQDEOH
HVWLPDWH#RI#WKH#LPSDFW#RI#DLU#SROOXWLRQ#RQ#UHVSLUDWRU\
KRVSLWDO#DGPLVVLRQV1##

7KHUH#DUH#VHYHUDO#VWHSV#LQ#RXU#HVWLPDWLRQ#SURFHVV=

ü 'HYHORS# VWXG\0VSHFLILF# HVWLPDWHV# RI
UHVSLUDWRU\#DGPLVVLRQV#LQFLGHQFH#FKDQJH>

üüüü 'HYHORS#&05#IXQFWLRQV#IRU#HDFK#SROOXWDQW#LQ
D#PRGHO#IURP#D#JLYHQ#VWXG\=#H1J1/#%XUQHWW#HW
DO1# +4<<:E,# LQFOXGHG#30 /#2 /#12 /#DQG518043 6 5
62 # LQ# WKHLU# ILQDO# PRGHO# IRU# UHVSLUDWRU\5
DGPLVVLRQV#+,&'0<#FRGHV#7970799/#7;307;9/
7<307<7/#7<9,>#

üüüü (VWLPDWH#WKH#FKDQJH#LQ#LQFLGHQFH#DVVRFLDWHG
ZLWK# WKH# FKDQJH# LQ# HDFK# DLU# SROOXWDQW
FRQVLGHUHG#LQ#WKH#PRGHO/#DQG#DJJUHJDWH#WKHVH
LQFLGHQFH#FKDQJHV#DFURVV#WKH#SROOXWDQWV#LQ#WKH
PRGHO=#H1J1/#IRU#%XUQHWW#HW#DO1#+4<<:E,#ZH#VXP
WKH#LQFLGHQFH#FKDQJHV#DVVRFLDWHG#ZLWK#305180
/#2 /#12 /#DQG#62 >43 6 5 5

üüüü ,I#D#VWXG\#HVWLPDWHG#VHSDUDWH#PRGHOV#IRU#QRQ0
RYHUODSSLQJ#UHVSLUDWRU\#LOOQHVV#FDWHJRULHV/#VXP
WKH#HVWLPDWHG#LQFLGHQFH#FKDQJHV#DFURVV#WKHVH
QRQ0RYHUODSSLQJ#FDWHJRULHV=#H1J1/#'HOILQR#HW
DO1#+4<<7,#HVWLPDWHG#WZR#VHSDUDWH#PRGHOV=#RQH
IRU#DVWKPD# +,&'#FRGH#7<6,#DQG#RQH#IRU#DOO
UHVSLUDWRU\#QRQ0DVWKPD#+,&'#FRGHV#7950799/
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7;307;:/# 7<307<5/# 7<7/# DQG# 7<9,># ZH %HFDXVH#ZH# DUH# HVWLPDWLQJ#(5#YLVLWV# DV#ZHOO# DV
HVWLPDWHG#DQG#VXPPHG#LQFLGHQFHV#IRU#WKHVH KRVSLWDO# DGPLVVLRQV# IRU# DVWKPD/# ZH# PXVW# DYRLG
WZR#FDWHJRULHV1 FRXQWLQJ# WZLFH# WKH# (5# YLVLWV# IRU# DVWKPD# WKDW# DUH

$JJUHJDWH# HVWLPDWHV# DFURVV# QRQ0RYHUODSSLQJ# DJH GRXEOH0FRXQWLQJ/# WKH# EDVHOLQH# LQFLGHQFH# UDWH# IRU
FDWHJRULHV= HPHUJHQF\#URRP#YLVLWV#LV#DGMXVWHG#E\#VXEWUDFWLQJ#WKH

ü 6HYHQ# VWXGLHV# HVWLPDWHG#&05# IXQFWLRQV# IRU KRVSLWDO1##7KUHH#VWXGLHV#SURYLGH#VRPH#LQIRUPDWLRQ#WR
UHVSLUDWRU\#DGPLVVLRQV#IRU#SHRSOH#DJHV#98#DQG GR# WKLV=#5LFKDUGV#HW#DO1# +4<;4/#S1#683,#UHSRUWHG# WKDW
ROGHU1# #2QH# VWXG\/# 6KHSSDUG# HW# DO1# +4<<<,/ 46(# RI# FKLOGUHQ*V# (5# YLVLWV# HQGHG# XS# DV# KRVSLWDO
HVWLPDWHG#D#&05#IXQFWLRQ#IRU#DVWKPD#RQO\#IRU DGPLVVLRQV>#/LSIHUW#+4<<6/#S1#563,#UHSRUWHG#WKDW#(5
SHRSOH# XQGHU# 981# # 8VLQJ# D# 0RQWH# &DUOR YLVLWV# +IRU# DOO# FDXVHV,# DUH# WZR# WR# ILYH# WLPHV#PRUH
SURFHGXUH/#ZH#DJJUHJDWH#WKH#UHVXOWV#IURP#WKH IUHTXHQW#WKDQ#KRVSLWDO#DGPLVVLRQV>#6PLWK#HW#DO1#+4<<:/
6KHSSDUG#VWXG\#ZLWK#WKRVH#IURP#HDFK#RI#WKH S1# :;<,# UHSRUWHG# 778/333# DVWKPD0UHODWHG# KRVSLWDO
RYHU098#UHVSLUDWRU\#DGPLVVLRQV#VWXGLHV1 DGPLVVLRQV#LQ#4<;:#DQG#415#PLOOLRQ#DVWKPD#(5#YLVLWV1

3RRO# HVWLPDWHV# RI# UHVSLUDWRU\# KRVSLWDO# DGPLVVLRQV VLQFH#LW#LV#D#QDWLRQDO#VWXG\#DQG#ORRNV#DW#DOO#DJH#JURXSV1
FKDQJHV= $VVXPLQJ# WKDW# DLU0SROOXWLRQ# UHODWHG# KRVSLWDO
# DGPLVVLRQV# ILUVW#SDVV# WKURXJK# WKH#(5/# WKH# UHSRUWHG

ü )RXU# VWXGLHV# HVWLPDWHG# &05# IXQFWLRQV# IRU LQFLGHQFH# UDWHV# VXJJHVW# WKDW# 6:(
UHVSLUDWRU\#DGPLVVLRQV#IRU#SHRSOH#RI#DOO#DJHV1 + 778/33324/533/333,#RI#(5#YLVLWV#DUH#VXEVHTXHQWO\
:LWK#WKH#VHYHQ#´DOO#DJHVµ#HVWLPDWHV#GHYHORSHG DGPLWWHG#WR#WKH#KRVSLWDO/#RU#WKDW#(5#YLVLWV#IRU#DVWKPD
LQ#VWHS#5/#WKHUH#DUH#HOHYHQ#VHSDUDWH#HVWLPDWHV RFFXU#51:#WLPHV#DV#IUHTXHQWO\#DV#KRVSLWDO#DGPLVVLRQV
RI# WKH# FKDQJH# LQ# UHVSLUDWRU\# KRVSLWDO IRU# DVWKPD1# #7KH#EDVHOLQH# LQFLGHQFH#RI# DVWKPD#(5
DGPLVVLRQV# DVVRFLDWHG#ZLWK# D# FKDQJH# LQ# DLU YLVLWV#LV#WKHUHIRUH#WDNHQ#WR#EH#51:#WLPHV#WKH#EDVHOLQH
SROOXWDQW#FRQFHQWUDWLRQV1##8VLQJ#0RQWH#&DUOR LQFLGHQFH# RI# KRVSLWDO# DGPLVVLRQV# IRU# DVWKPD1# # 7R
SURFHGXUHV/#WKH#UHVXOWV#RI#WKHVH#HOHYHQ#VWXGLHV DYRLG# GRXEOH0FRXQWLQJ/# KRZHYHU/# RQO\# 96(# RI# WKH
DUH#SRROHG1### UHVXOWLQJ#FKDQJH#LQ#DVWKPD#(5#YLVLWV#DVVRFLDWHG#ZLWK#D

7DEOH# '08# VXPPDUL]HV# WKH# VWXGLHV# XVHG# LQ WKH#(5#YLVLW#LQFLGHQFH#FKDQJH1#
HVWLPDWLQJ#UHVSLUDWRU\#DGPLVVLRQV>#7DEOH#'09#SURYLGHV
PRUH#GHWDLOHG#LQIRUPDWLRQ#RQ#WKHVH#VWXGLHV/#DQG#RWKHU 7DEOH# '0<# VXPPDUL]HV# WKH# VWXGLHV# XVHG# LQ
VWXGLHV#WKDW#ZHUH#QRW#FKRVHQ#IRU#WKLV#DQDO\VLV1## HVWLPDWLQJ#(5#YLVLWV#IRU#DVWKPD>#7DEOHV#'043#DQG#'0

6LPLODU#LVVXHV#RI#GHILQLWLRQ#DULVH#IRU#FDUGLRYDVFXODU DQG# RWKHU# (5# VWXGLHV# WKDW# ZHUH# QRW# XVHG# LQ# WKH
KRVSLWDO#DGPLVVLRQV1# #7KH#EURDGHVW#FODVVLILFDWLRQ#ZH DQDO\VLV1
KDYH# VHHQ# LQ# WKH# HSLGHPLRORJLFDO# OLWHUDWXUH# LQFOXGHV
,&'# FRGHV# 6<3075<# +VHH/# IRU# H[DPSOH/# 6FKZDUW]/
4<<<,1# # 6RPH# VWXGLHV/# KRZHYHU/# XVH# D#PXFK#PRUH
QDUURZ#GHILQLWLRQ/#LQFOXGLQJ#RQO\#VXEVHWV#RI#WKH#ODUJHU
JURXS#RI#,&'#FRGHV1###:H#XVH#D#VLPLODU#SURFHGXUH#IRU
FDUGLRYDVFXODU#DGPLVVLRQV#DV#ZH#XVHG#IRU#UHVSLUDWRU\
KRVSLWDO# DGPLVVLRQV1# # 7DEOH# '0:# VXPPDUL]HV# WKH
VWXGLHV#XVHG#LQ#HVWLPDWLQJ#FDUGLRYDVFXODU#DGPLVVLRQV>
7DEOH#'0;# SURYLGHV#PRUH# GHWDLOHG# LQIRUPDWLRQ# RQ
WKHVH#VWXGLHV/#DQG#RWKHU#VWXGLHV#WKDW#ZHUH#QRW#FKRVHQ
WKLV#DQDO\VLV1##

VXEVHTXHQWO\# DGPLWWHG# WR# WKH# KRVSLWDO1# # 7R# DYRLG

SHUFHQWDJH# RI# SDWLHQWV# WKDW# DUH# DGPLWWHG# LQWR# WKH

7KH# VWXG\#E\#6PLWK#HW#DO1# VHHPV# WKH#PRVW# UHOHYDQW

JLYHQ#FKDQJH#LQ#SROOXWDQW#FRQFHQWUDWLRQV#LV#FRXQWHG#LQ

44#SURYLGH#PRUH#GHWDLOHG#LQIRUPDWLRQ#RQ#WKHVH#VWXGLHV
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Table D-5
Studies Used to Develop Respiratory Admissions Estimates

Location Study (ICD code) Pollutants Used in Final Model Population
Endpoints Estimated Studya

Toronto, Canada Burnett et al. (1997b) all respiratory (464-466, 480-486, PM , O , NO , SO all ages
490-494, 496)

2.5-10 3 2 2

Toronto, Canada Burnett et al. (1999) asthma (493); respiratory infection O , CO, PM  (asthma); O , NO , PM all ages
(464, 466, 480-487, 494); non- (respiratory infection); O , CO, PM
asthma COPD (490-492, 496) (COPD).

3 2.5-10 3 2 2.5

3 2.5-10

Toronto, Canada Thurston et al. (1994) all respiratory (466, 480-482, 485, O , PM all ages
490-493)

3 2.5

Minneapolis-St. Moolgavkar et al. (1997) pneumonia (480-487); COPD O , SO , NO , PM  (pneumonia); O , CO, >64
Paul, MN (490-496) PM  (COPD)

3 2 2 10 3

10

Minneapolis-St. Schwartz (1994c) pneumonia (480-486); COPD (490- O , PM  (pneumonia); PM  (COPD) >64
Paul, MN 496)

3 10 10

Birmingham, AL Schwartz (1994a) pneumonia (480-487); COPD PM >64
(490-496)

10

Detroit, MI Schwartz (1994b)  pneumonia (480-486); non-asthma O , PM >64
COPD (491-492, 494-496)

3 10

Spokane, WA Schwartz (1996) all respiratory  (460-519) PM >6410

New Haven, CT Schwartz (1995) all respiratory (460-519) O , PM >643 10

Tacoma, WA Schwartz (1995) all respiratory (460-519) O , PM >643 10

Seattle, WA Sheppard et al. (1999) asthma (493) CO, PM <652.5

 Monetized benefits of non-overlapping endpoints within each study are aggregated.  Monetized benefits for asthma among people age <65 (Sheppard et al., 1999) are aggregated witha

the benefits in studies of people age >64.
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Table D-6
Summary of Hospital Admissions Studies – Respiratory Illnesses

Study Period Population Endpoint Pollutants Main Findings Comment
Location and

a

Anderson et Barcelona, Paris all ages; COPD NO , BS COPD: Single pollutant models: meta-analysis Study not used to estimate
al. (1997) Amsterdam, >64 (490-492, (black of city specific results found significant effect incidence: study outside

Rotterdam, 496) smoke), for BS, NO , O , and SO  in the all age group; U.S. and Canada.
Milano TSP, SO , similar results reported for ages >64.
Period varies by O Strongest effect found for O .  TSP not
city from 5-13 significant in meta-analysis.  For a given
years pollutant,  results varied considerably by city.   

2

2

3

2 3 2

3

Burnett et southern <65; >64 all SO , O All respiratory: SO  significantly related to May-September results
al. (1995) Ontario, Canada respiratory respiratory admissions in ages <65 and >64. also discussed in Burnett

1/83-12/88 (466, 480- O  significant impact from May-September; no et al. (1994).  Study not
486, 490- effect the rest of the year. used to estimate incidence:
494, 496) no study specific

4 3 4

3

conversion available
between SO  and PM  or4 2.5

PM .10

Burnett et Toronto, all ages all O , CO, NO , All respiratory: COH and O  linked to Four pollutant model
al. (1997b) Canada respiratory SO , COH respiratory admissions; other PM measures (PM , O , NO , and SO )

summers in (464-466, (coefficient less strongly linked.  Two pollutant models: used to estimate all
1992-1994 480-486, of haze), H , CO, NO , and SO  not significant, controlling respiratory incidence. 

490-494, SO , PM , for COH; O  significant, controlling for COH. 
496) PM , Four pollutant models: COH and O

3 2

2

+

4 2.5

2.5-10

PM , significant; no effect for NO  and SO ; other10

3

2 2

3

3

2 2

PM measures not significant, controlling for
O , NO , and SO .3 2 2

2.5-10 3 2 2

Burnett et 16 Canadian <65; >64 all O , CO, SO , All respiratory: Multiple pollutant models: O Study not used to estimate
al. (1997a) cities respiratory NO , COH significantly related to admissions, controlling incidence: no study specific

 3/81-12/91 (466, 480- for CO and COH; significant effect also conversion available
486, 490- reported for CO and COH; no significant effect between COH and PM  or
494, 496) found for NO  and SO  after controlling for O PM .

3 2

2

3

2 2 3

and CO.  Montreal and Vancouver decreased
the size of the effect of O  substantially.  O3 3

significant with and without these cites in the
model.

2.5

10



Study Period Population Endpoint Pollutants Main Findings Comment
Location and

a
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Burnett et Toronto, all ages asthma O , CO, NO , Multiple pollutant models estimated, where PM , PM , and PM
al. (1999) Canada (493); SO , PM , pollutants for best fitting model chosen using estimated from TSP, COH,

1980-1994 respiratory PM , stepwise regression based on AIC criterion. and SO  data.  Multiple
infection PM , Asthma:  O , CO, PM  significantly related pollutant models used to
(464, 466, to asthma admissions; other pollutants not estimate incidence of:
480-487, chosen in stepwise regression.  Respiratory asthma (O , CO, PM ),
494); infection: O , NO , and PM  chosen in respiratory infection (O ,
COPD stepwise regression  COPD: O  and PM NO , PM ), and COPD
(490-492, chosen in stepwise regression. (O , CO, PM ).
496)

3 2

2 2.5

2.5-10

10 3 2.5-10

3 2 2.5

3 2.5-10

2.5 2.5-10 10

4

3 2.5-10

3

2 2.5

3 2.5-10

Delfino et Montreal, all ages  asthma O , SO , Asthma: Two pollutant model: marginally SO  and PM  were both
al. (1994) Canada (493); all PM significant effect for PM , controlling for O . estimated from COH and

May-October in respiratory No effect for O  and SO .  All respiratory and other variables. Study not
1984-1988. (462-466, all respiratory non-asthma: PM  suggestive used to estimate incidence
July-August 480-487, but not significant, after controlling for
subset used to 490-494, temperature. Significant link between all
examine all 496); all respiratory non-asthma and SO .  No effect for
respiratory respiratory O .
admissions. non-asthma

3 4

10 10 3

3 4

10

4

3

4 10

Lipfert and Southern all ages all O , SO , All respiratory:  SO , SO , and O  found to be Study not used to estimate
Hammerstro Ontario, Canada respiratory NO , SO , significant predictors of respiratory admissions incidence: estimated
m (1992) January- (466, 480- COH, TSP in July-August. coefficients not reported.

February and 482, 485,
July-August in 490-493)
4/79-3/85

3 4

4 4

2 4 3



Study Period Population Endpoint Pollutants Main Findings Comment
Location and

a
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Moolgavkar Minneapolis-St. >64 pneumonia O , CO, SO , Pneumonia:  Four pollutant model: O Multiple pollutant models
et al. (1997) Paul, MN; (480-487); NO , PM significant (NO , SO , and PM  not significant) used to estimate

Birmingham, AL COPD in Minneapolis-St.  Paul; no significant effect pneumonia incidence (O ,
1/86-12/91 (490-496); found for any pollutant in Birmingham.  COPD: SO , NO , PM )  and

all No significant effect found in Birmingham or COPD incidence (O , CO,
respiratory Minneapolis-St.  Paul for any pollutant.  All PM )  in Minneapolis-St. 
(480-487, respiratory: Single pollutant models: O , NO , Paul.  No model estimated
490-496) and PM  significant in Minneapolis-St.Paul. for Birmingham:

3 2

2 10

3

2 2 10

3 2

10

Multiple pollutant models (results presented in coefficients and standard
graph): O  significant, controlling for other errors not reported.3

pollutants; PM  significant controlling for O ,10 3

but not significant controlling for O , SO , and3 2

NO  together.  No significant effect found in2

Birmingham for admissions with O , CO, or3

PM ; NO  and SO  data not available for10 2 2

Birmingham.

3

2 2 10

3

10

Morgan et Sydney, 1-14; 15-  asthma; O , NO , Asthma: Single pollutant models: NO   Study not used to
al. (1998) Australia 64; >64 COPD bscat significant for ages 1-14 but not other age estimate incidence: study

1/90-12/94 (490- (measure of groups.  O  and bscat not significant for any outside U.S. and Canada.
492,494 light age group.  Three pollutant model: NO
496) scattering) remains significantly related to asthma

3 2 2

3

2

admission in ages 1-14.  COPD: No pollutant
significantly related to COPD admissions.

Pantazopol Athens, Greece all ages all BS, CO, NO All respiratory:  Single-pollutant models:  BS, Study not used to estimate
ou et al. 1988 respiratory CO, NO  significantly related to respiratory incidence: study outside
(1995) (not defined admissions in the winter time.  No significant U.S. and Canada.

by ICD effect found any pollutant in the summer.
code)

2

2

Ponce de London, 0-14; 15- all BS, SO , O , All respiratory:  O  significantly related to Study not used to estimate
Leon et al. England 64; >64 respiratory NO admissions in ages >14.  No significant effect incidence: study outside
(1996) 4/87-2/92 (460-519) found for SO , O , and NO . U.S. and Canada.

2 3

2

3

2 3 2

Ponka and Helsinki, Finland <65; >64 COPD NO , SO , COPD: Single pollutant models: SO  linked to   Study not used to
Virtanen 1/87-12/89 (491-492) O , TSP (491-492) admissions in ages <65; NO  linked estimate incidence: study
(1994) to admissions in ages >64; no significant outside U.S. and Canada.

2 2

3

2

2

effect seen for O  and TSP.3



Study Period Population Endpoint Pollutants Main Findings Comment
Location and

a
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Schwartz Birmingham, AL >64 pneumonia PM , O Pneumonia: PM  significant and O  not Single pollutant models
(1994a) 1/86-12/89 (480-487); significant in single pollutant models.  COPD: (PM ) used to estimate

COPD PM  significant and O  not significant in single pneumonia incidence and
(490-496) pollutant models.  COPD incidence.

10 3 10 3

10 3

10

Schwartz Detroit, MI >64  asthma PM , O Asthma: admissions not associated with either Two pollutant models (PM
(1994b) 1/86-12/89 (493); pollutant; coefficients and standard errors not and O )  used to estimate

pneumonia reported.   Pneumonia: Two pollutant model: pneumonia incidence and
(480-486); PM  and O  both significant for pneumonia. non-asthma COPD
non-asthma Non-asthma COPD: Two pollutant model: incidence.
COPD PM  and O  both significant.
(491-492,
494-496)

10 3

10 3

10 3

10

3

Schwartz Spokane, WA >64 pneumonia PM , O Pneumonia: PM  marginally significant and Single pollutant model
(1996) 1/88-12/90 (480-487); O  not significant for pneumonia in single (PM ) used to estimate all-

COPD pollutant models.  COPD: PM  significant and respiratory incidence.
(490-496); O  not significant in single pollutant models. 
all All respiratory: Single pollutant models: PM
respiratory and O  both significant.  Two pollutant model
(460-519) not estimated because of limited overlap

10 3 10

3

10

3

10

3

between PM  and O  data.10 3

10

Schwartz Minneapolis-St. >64 pneumonia PM , O Pneumonia: Two pollutant model: PM Two pollutant model (PM ,
(1994c) Paul, MN (480-486); significantly related to pneumonia; O  weakly O ) used to estimate

1/86-12/89 COPD linked to pneumonia.  COPD: Single pollutant pneumonia incidence;
(490-496) models: PM  significant and O  not single pollutant model

10 3 10

3

10 3

significant. (PM ) used to estimate

10

3

10

COPD incidence.

Schwartz New Haven, CT; >64 all PM , O , All respiratory: Single pollutant models: PM , Two pollutant model (PM ,
(1995) Tacoma, WA respiratory SO O , SO  significant, except O  in New Haven. O ) used to estimate all

1/88-12/90 (460-519) Two pollutant model results varied by city: O respiratory incidence.

10 3

2

10

3 2 3

3

significant (3 of 4 models) and stable
coefficient estimates  PM  significant (3 of 410

models), but less stable estimates.  SO  2

significant (1of 4 models).

10

3



Study Period Population Endpoint Pollutants Main Findings Comment
Location and

a
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Sheppard et Seattle, WA <65 asthma CO, SO , O , Asthma: Single pollutant models: each  In most years, O  data was
al. (1999) 1/87-12/94 (493) PM , PM pollutant significantly related to asthma, available only from April

2 3

2.5 2.5-

, PM except SO .  Multiple pollutant models: PM through October.  O10 10 2 2.5

and CO reported to have best fit in models reported to have the best
without O .  Both PM  and CO are significant fit, but authors did not3 2.5

when included together in a model. consider O  further

3

3

3

because of limited data. 
Two pollutant model (CO,
PM ) used to estimate2.5

asthma incidence.

Spix et al. London, 15-64; >64 all NO , SO , All respiratory: Single pollutant models: O Study not used to estimate
(1998) Amsterdam, respiratory O , TSP, BS significantly related to admissions in ages 15- incidence: study outside

Rotterdam, (460-519) 64 and >64.  BS significantly related to U.S. and Canada.
Paris, Milano admissions in ages 15-64. SO  significantly
Period varies by related to admissions in ages >64.
city from 5-13
years

2 2

3

3

 2

Sunyer et Barcelona, 0-14; 15-64 asthma NO , SO , Asthma: Two pollutant models: NO  significant Study not used to estimate
al. (1997) Helsinki, O , BS in ages 15-64, controlling for BS; NO  had no incidence: study outside

London, Paris effect on ages 0-14.  SO  significant in ages 0- U.S. and Canada.
Period varies by 14, controlling for either BS or NO ; SO  had
city from 3-6 no effect on ages 15-64.
years

2 2

3

2

2

2

2 2

Tenias et al. Valencia, Spain >14 asthma NO , SO , Asthma: Two pollutant models: O  and NO Study not used to estimate
(1998) 1/93-12/95 O , BS both significant.  No significant effect found for incidence: study outside

2 2

3

3 2

SO  and BS. U.S. and Canada.2

Thurston et Toronto, all ages asthma H , SO , O , Asthma: Single pollutant models: O , H , SO , Two pollutant model (O ,
al. (1994) Canada (493); all PM , PM O , and TSP linked to all respiratory PM ) used to estimate all

, PM , TSP admissions; PM , PM , PM  not respiratory incidence.
and August (466, 480- significant.  Two pollutant models: O
1986-1988 482, 485, significant, but PM measures no longer

490-493) significant.  Best fitting PM measure is H .  All

+
4 3

2.5 2.5-

six weeks in July respiratory 10 10

3 4
+

3

2.5 2.5-10 10

3

+

respiratory: Single pollutant models: O  and3

various measures of PM linked to all
respiratory admissions.  Two pollutant models:
with O  and PM together, O  still significant,3 3

but PM often not significant (only H+

significant).

3

2.5
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a
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Thurston et Buffalo, NY; all ages all H , SO , O All respiratory: Three pollutant model: H , SO , Study not used to estimate
al. (1992) New York City respiratory and O  are all significant.  This result is found incidence: no study specific

June-August in (466, 480- in both Buffalo and New York City. conversion available
1988-1989 486, 490- between study pollutants

493) (H  and SO ) and PM  or

+
4 3

+
4

3

+
4 2.5

PM .10

Vigotti et al. Milan, Italy 15-64; >64 all TSP, SO All respiratory: Single pollutant models: TSP Study not used to estimate
(1996) 1/89-12/89 respiratory and SO  linked to admissions. incidence: study outside

(460-519) U.S. and Canada.

2

2

 Not all pollutants considered in a study are necessarily included in the model used to develop C-R functions.a
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Table D-7
Studies Used to Develop Cardiovascular Admissions Estimates

Location Study (ICD code) Pollutants Used in Final Model Population
Endpoints Estimated Study

Toronto, Canada Burnett et al. (1997b) cardiac (410-414, 427-428) O , PM all ages3 2.5-10

Toronto, Canada Burnett et al. (1999) ischemic heart disease (410-414); NO , SO  (ischemic heart disease); PM , CO, all ages
dysrhythmias (427); congestive heart O  (dysrhythmias); CO, NO  (heart failure
failure (428) incidence)

2 2 2.5

3 2

Detroit, MI Schwartz and Morris ischemic heart disease (410-414); CO, PM >64
(1995) congestive heart failure (428)

10

Eight U.S. counties Schwartz (1999) cardiovascular disease (390-429) CO, PM >64
1/88-12/90

10

Tucson, AZ Schwartz (1999) cardiovascular disease (390-429) CO, PM >64
1/88-12/90

10
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Table D-8
Summary of Hospital Admissions Studies – Cardiovascular Illnesses

Study Period Population (ICD code) Pollutants Main Findings Comment
Location and Endpoint

Burnett et al. southern and all ages cardiac SO , O Cardiac: Two pollutant model: SO   Study not used to
(1995) central (410, 413, significantly related to cardiac admissions; estimate incidence: no

Ontario, 427-428) O  not significant, in any season or over study specific conversion
Canada the whole year. available between SO
1/83--12/88 and PM  or PM .

4 3 4

3

4

2.5 10

Burnett et al. Toronto, all ages cardiac O , CO, Cardiac: COH and O  linked to cardiac Two pollutant model (O ,
(1997b) Canada (410-414, 427- NO , SO , admissions; other PM measures less PM ) used to estimate

summers 428) COH strongly linked.  Two pollutant models: CO, cardiac incidence.
1992-1994 (coefficient NO , and SO  not significant, controlling for

3

2 2

of haze), COH.  O  significant, controlling for COH. 
H , SO , Four pollutant models: COH and O+

4

PM , significant; no effect for NO  and SO . 2.5

PM , Other PM measures not significant,2.5-10

PM , controlling for O , NO , and SO .10

3

2 2

3

3

2 2

3 2 2

3

2.5-10

Burnett et al. 10 Canadian >64 congestive O , CO, Congestive heart failure: Single pollutant Study not used to
(1997c) cities heart failure NO , SO , models: CO, NO , SO , COH are estimate  incidence:

1/81-12/91 (428) COH significant; no effect for O .  CO and NO limited endpoint.

3

2 2 2 2

3 2

have the best fit.  Two pollutant models:
Controlling for NO , CO significant, with2

only small reduction in coefficient size;
NO insignificant in this model.  2 

Burnett et al. Toronto, all ages  ischemic O , CO, Multiple pollutant model, where pollutants PM , PM , and PM
(1999) Canada heart disease NO , SO , for best fitting model chosen using estimated from TSP,

1980-1994 (410-414); PM , stepwise regression based on AIC COH, and sulfate (SO )
dysrhythmias PM , criterion.  Ischemic heart disease: NO  and data.  Multiple pollutant
(427); PM , SO , chosen by stepwise regression. models used to estimate
congestive Other pollutants not chosen. ischemic heart disease
heart failure Dysrhythmias: polluO , CO, and PM (NO , SO ), dysrhythmias
(428) chosen by stepwise regression.  Other (PM , CO, O ), and

3

2 2

2.5

2.5-10

10

2

2

3 2.5

pollutants not chosen.  Congestive heart congestive heart failure
failure: NO  and CO chosen by stepwise incidence (CO, NO ).2

regression procedure.  other pollutants not
chosen in stepwise regression.

2.5 2.5-10 10

4

2 2

2.5 3

2



Study Period Population (ICD code) Pollutants Main Findings Comment
Location and Endpoint

D-41

Morgan et al. Sydney, 0-64; >64  heart disease O , NO , Single pollutant models: bscat significant Results from three
(1998) Australia (410,413, 427- bscat for ages >64; NO  significant in ages 0-64 pollutant model for ages

1/90-12/94 428) (measure and >64.  Three pollutant model: NO 0-64 not presented.  Study

3 2

of light significant in ages >64; O  and bscat not not used to estimate
scattering) significant. incidence: study outside

2

2

3

U.S. and Canada.

Morris et al. seven U.S. >64 congestive O , CO, Single pollutant models: CO, NO , and SO Study not used to
(1995) cities heart failure NO , SO significant in single pollutant models.  Four estimate incidence: no PM

1/86-12/89 (428) pollutant model: CO is significant in five of measure used in the

3

2 2

2 2

the seven cities; NO  is significant in one study, plus limited2

city; SO  and O  are not significant in any endpoint.2 3

cities.

Morris and Chicago, IL >64 congestive O , CO, Single pollutant models: CO, NO , SO ,   Study not used to
Naumova (1998) 1/86-12/89 heart failure NO , SO , and PM  significant.  Five pollutant model: estimate  incidence:

(428) PM CO significant (CI for RR=1.03-1.12); PM limited endpoint.

3

2 2

10

2 2

10

10

borderline significant (CI for RR=0.99-
1.06); other pollutants not significant.

Pantazopolou et Athens, all ages  cardiac BS (black Single pollutant models: BS, CO, NO Study not used to
al. (1995) Greece (not defined by smoke), significantly related to cardiac admissions estimate incidence: study

1988 ICD code) CO, NO in the winter.  No significant effect found outside U.S. and Canada.2

2

for any pollutant in the summer.

Schwartz and Detroit, MI >64 ischemic heart O , CO,   Ischemic heart disease: Two pollutant Two pollutant models
Morris (1995) 1/86-12/89 disease (410- SO , PM models: PM  and CO both significant; no (PM , CO) used to

414); effect seen for SO  and O .  Dysrhythmias: estimate ischemic heart
dysrhythmias Air pollutants did not have a significant disease and congestive
(427); effect.  Congestive heart failure: Single heart failure incidence.
congestive pollutant models: PM  and CO significant;
heart failure SO  and O  not significant. Two pollutant
(428) models: PM  significant, controlling for CO

3

2 10 10

2 3

10

2 3

10

and SO .  Controlling for PM , CO2 10

significant.

10



Study Period Population (ICD code) Pollutants Main Findings Comment
Location and Endpoint

D-42

Schwartz (1999) Eight U.S. >64 cardiovascular CO, PM Two pollutant model: CO and PM  both Two pollutant model
counties disease (390- significant. (PM , CO) used to
1/88-12/90 429) estimate incidence of

10 10

10

cardiovascular
admissions.

Schwartz (1997) Tucson, AZ >64 cardiovascular O , CO, In a model with the two pollutants, CO and Two pollutant model
1/88-12/90 disease (390- SO , NO , PM  were both significant.  No effect seen (PM , CO) used to

429) PM for O , SO , and NO . estimate incidence of

3

2 2

10

10

3 2 2

10

cardiovascular
admissions.

Yang et al. Reno/Sparks, all ages cardiovascular CO Reported significant relationship between Study not used to
(1998) NV illness (390- CO and admissions. estimate incidence: no PM

1/89-12/94 459) measure used in the
study.

Table D-9
Studies Used to Develop Asthma Emergency Room Visits

Location Study Endpoints Estimated Model Study Population
Pollutants Used in Final

central and northern NJ Cody et al. (1992) asthma O all ages3

central and northern NJ Weisel et al. (1995) asthma O all ages3

Seattle, WA Schwartz et al. (1993) asthma PM <6510

St.  John, New Stieb et al. (1996) asthma O all ages
Brunswick, Canada

3
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Table D-10
Summary of Selected Studies for Emergency Room Visits -- Asthma and Acute Wheezing

Study Period Population Endpoint Pollutants Main Findings Comment
Location and

Atkinson et London, England 0-14; 15-  asthma NO , BS Single pollutant models: PM  and NO Study not used to
al. (1999) 1/92-12/94 64; >64; all (black significantly related to asthma visits in all age estimate incidence: study

ages smoke), groups.  SO  significant in ages 0-14.  BS is outside U.S. and Canada.

2

PM , SO , significant for ages 15-64.  No effect seen for10 2

CO, O O .  Two pollutant results only for ages 0-14:3

10 2

2

3

NO  and SO  significant; other pollutants not2 2

significant.

Bates et al. Vancouver, 1-14; 15-  asthma NO , SO , SO  correlated with asthma in all age groups Study not used to
(1990) Canada 60; >60 SO , O with some variation by season.  SO estimate incidence:

7/84-10/86 correlated with asthma visits in ages 15 and correlations only

2 2

4 3

4

2

up.  No effect found for NO  and O . presented.2 3

Buchdahl et London, England <17 acute NO , SO , SO  significantly related to acute wheezing. Study not used to
al. (1996) 3/92-2/93 wheezing O O  has a significant, U-shaped result, estimate incidence: study

2 2

3

2

3

suggesting that the optimal level of ozone is outside U.S. and Canada.
not zero.  NO  not significant.2

Castellsagu Barcelona, Spain >14 asthma NO , BS, Single pollutant models: NO  significant in Study not used to
e et al. January-March and SO , O both July-September and January-March.  BS estimate incidence: study
(1995) July-September in linked to asthma ER visits in July-September. outside U.S. and Canada.

1985-1989 No significant effect found for SO  and O .

2

2 3

2

2 3

Cody et al. central and all ages asthma  PM , SO , Two pollutant model: O  linked to asthma Single pollutant model
(1992) northern NJ O visits; SO  not significant.  No significant effect (O ) used to estimate

May-August in seen for PM ; PM  considered in separate incidence of asthma
1988-1989 analysis, because of limited (every sixth day) visits.

10 2

3

3

2

10 10

sampling.

3

Goldstein New York City all ages asthma SO No significant correlation found between SO Study not used to
and 1/69-2/72 and asthma ER visits. estimate incidence: only
Weinstein SO  in the analysis.
(1986)

2 2

2
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Lipsett et al. Santa Clara all ages asthma PM , COH Single pollutant models: NO , PM , and COH PM  estimated from COH
(1997) County, CA (coefficient significant; O  not significant.  Two pollutant observations.  Study not

November-January of haze), models: PM  and COH linked to ER visits used to estimate
in 1988-1992 O , NO controlling for NO ; NO  not significant.  PM incidence: results depend

10

3 2

2 10

3

10

2 2 10

reported to provide a slightly better fit than on temperature
COH interaction that we cannot

10

model.

Richards et Los Angeles, CA children asthma and COH, HC COH, HC, NO, and NO  have positive and 13% of reported visits
al. (1981) 8/79-1/80 (median bronchiolitis (hydrocar- significant correlation with ER visits; O  and subsequently admitted to

age =6) (92% bons), NO, SO  have negative significant correlation; SO the hospital.  Study not
asthma NO , O , and TSP have insignificant correlation. used to estimate
only) SO , SO , incidence: correlations

2 3

2 4

TSP only presented.

2

3

2 4

Romieu et Mexico City, <16 asthma SO , O Two pollutant model: O  significant and  SO Study not used to
al. (1995) Mexico marginally significant. estimate incidence: study

1/90-6/90 outside U.S. and Canada.

2 3 3 2

Rosas et al. Mexico City, <15; 16-59; asthma O , SO , Little effect found for air pollutants.  Strong Study not used to
(1998) Mexico >59 NO , PM , effect found for aeroallergens, such as grass estimate incidence: study

1991 TSP pollen. outside U.S. and Canada.

3 2

2 10

Schwartz et Seattle, WA <65; >64 asthma SO , PM , Single pollutant models: PM  linked to ER O  only available May-
al. (1993) 9/89-9/90 O visits in ages <65, with no effect in ages >64. September.  Single

2 10

3

10

No effect for SO  and O  on ER visits in either pollutant model (PM )2 3

age group. used to estimate

3

10

incidence of asthma
visits.

Stieb et al. St.  John, New 0-15; >15; asthma NO , TSP, O  linked to ER visits in ages >15, especially TSP and SO  gathered
(1996) Brunswick, Canada all ages SO , SO , when O  levels exceed 75 ppb; O  not every sixth day.  Single

May-September in O significant in ages 0-15.  No significant effect pollutant model (O ) used
1984-1992 seen for the other pollutants. to estimate incidence of

2

2 4

3

3

3 3

4

3

asthma visits.

Weisel et al. central and all ages asthma O O  linked to ER visits. Single pollutant model
(1995) northern NJ used.

May-August in
1986-1990

3 3
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White et al. Atlanta, GA 1-16 asthma and O , SO , O  linked to ER visits when O  levels PM  estimated from
(1994) 6/90-8/90 restrictive PM exceeded 110 ppb.  No significant effect visibility levels.  Study not

airway reported for SO  or PM . used to estimate
disease incidence: limited study

3 2

10

3 3

2 10

10

data.
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Table D-11
Summary of Selected Studies for Emergency Room Visits -- All-Cause, All-Respiratory, Chronic Obstructive Pulmonary Disease
(COPD), and Bronchitis

Study Period Population (ICD code) Pollutants Main Findings Comment
Location and Endpoint

Atkinson et al. London, 0-14; 15-64; all NO , BS Single pollutant models: PM  significant in Study not used to estimate
(1999) England >64; all respiratory (black ages 0-14 and 15-64.  BS and SO incidence: study outside U.S.

1/92-12/94 ages (not defined smoke), significant in ages 0-14.  CO and NO and Canada.
by ICD code) PM , SO , significant in ages >64.  O  not significant.

2

10 2

CO, O3

10

2

2

3

Bates et al. Vancouver, 1-14; 15-60; all NO , SO , SO  correlated with respiratory visits in all Results varied somewhat by
(1990) Canada >60 respiratory SO , O age groups.  SO  correlated in ages >14. season.  Study not used to

7/84-10/86 (466, 480- NO  correlated in ages 15-60.  O  not estimate incidence:
486, 491- significant. correlations only presented.
493, 496)

2 2

4 3

2

4

2 3

Cody et al. central and all ages  bronchitis  PM , No significant effect seen for PM , O , or PM  sampled every sixth
(1992) northern New (466, 490, SO , O SO  on bronchitis admissions. day, so limited dataset.  PM

Jersey 491, 496) considered in separate
May-August analysis.  Study not used to
1988-1989 estimate incidence.

10

2 3

10 3

2

10

10

Delfino et al. Montreal, <2; 2-64; all O , PM , Single pollutant models: H  and SO Limited number of results
(1997) Canada >64 respiratory PM , significant in ages <2; no effect in ages 2- presented for two pollutant

June- (not defined SO , H 64 for any pollutants; O , PM , PM , and models.  Study not used to
September by ICD code) SO  significant in ages >64.  Two pollutant estimate incidence: all
1992-1993 model: O  significant and PM  not respiratory not defined by

3 10

2.5

4
+

+
4

3 10 2.5

4

3 2.5

significant in ages >64. ICD code.

Delfino et al. Montreal, >64 all PM , O Two pollutant model: O  significant; PM PM  measured every sixth
(1998) Canada respiratory has consistent link but not significant. day, with rest of daily

June-August (not defined observations estimated from
1989-1990 by ICD code) visibility and other data. 

2.5 3 3 2.5 2.5

Study not used to estimate
incidence: all respiratory not
defined by ICD code.

Samet et al. Steubenville, all ages all NO , TSP, Single pollutant models: TSP and SO   Study not used to estimate
(1981) Ohio respiratory SO , CO, significant; NO ,, CO, or O  were not incidence: all respiratory not

March-April (not defined O significant. defined by ICD code.
and October- by ICD code)
November
1974-1977

2

2

3

2

2 3
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Pantazopolou Athens, all ages all outpatient BS, CO, Single-pollutant models: NO  significant in Study not used to estimate
et al. (1995) Greece visits NO the winter.  No effects found for any incidence: study outside U.S.

1988 pollutant in the summer. and Canada.
2

2

Sunyer et al. Barcelona, >14 COPD (not SO , BS SO  correlated with ER visits in the summer Study not used to estimate
(1993) Spain defined by and winter.  BS significant in the winter only incidence: study outside U.S.

1985-1989 ICD code) and Canada.

2 2

Xu et al. Beijing, China all ages all causes SO , TSP SO  and TSP both linked to ER visits. Study not used to estimate
(1995b) 1990 incidence: study outside U.S.

2 2

and Canada.
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Minor Illness

,Q# DGGLWLRQ# WR# FKURQLF# LOOQHVVHV# DQG# KRVSLWDO
DGPLVVLRQV/#WKHUH#LV#D#FRQVLGHUDEOH#ERG\#RI#VFLHQWLILF
UHVHDUFK# WKDW#KDV#HVWLPDWHG# VLJQLILFDQW# UHODWLRQVKLSV
EHWZHHQ# HOHYDWHG# DLU# SROOXWLRQ# OHYHOV# DQG# RWKHU
PRUELGLW\#KHDOWK#HIIHFWV1##&KDPEHU#VWXG\#UHVHDUFK#KDV
HVWDEOLVKHG#UHODWLRQVKLSV#EHWZHHQ#VSHFLILF#DLU#SROOXWLRQ
FKHPLFDOV#DQG#V\PSWRPV#VXFK#DV#FRXJKLQJ/#SDLQ#RQ
GHHS# LQVSLUDWLRQ/# ZKHH]LQJ/# H\H# LUULWDWLRQ# DQG
KHDGDFKHV1##,Q#DGGLWLRQ/#HSLGHPLRORJLFDO#UHVHDUFK#KDV
IRXQG#DLU#SROOXWLRQ#UHODWLRQVKLSV#ZLWK#DFXWH#LQIHFWLRXV
GLVHDVHV# +H1J1/#EURQFKLWLV/# VLQXVLWLV,# DQG# D# YDULHW\#RI
´V\PSWRP0GD\µ# FDWHJRULHV1# #6RPH#´V\PSWRP0GD\Vµ
VWXGLHV# H[DPLQH# H[FHVV# LQFLGHQFHV# RI# GD\V# ZLWK
LGHQWLILHG#V\PSWRPV#VXFK#DV#ZKHH]LQJ/#FRXJKLQJ/#RU
RWKHU#VSHFLILF#XSSHU#RU#ORZHU#UHVSLUDWRU\#V\PSWRPV1
2WKHU#VWXGLHV#HVWLPDWH#UHODWLRQVKLSV#IRU#GD\V#ZLWK#D
PRUH#JHQHUDO#GHVFULSWLRQV#RI#GD\V#ZLWK#DGYHUVH#KHDOWK
LPSDFWV/#VXFK#DV#´UHVSLUDWRU\#UHVWULFWHG#DFWLYLW\#GD\Vµ
RU#ZRUN#ORVV#GD\V1

$#PDMRU#FKDOOHQJH#LQ#SUHSDULQJ#DQ#DQDO\VLV#RI#WKH
PLQRU#PRUELGLW\#HIIHFWV#LV#LGHQWLI\LQJ#D#VHW#RI#HIIHFW
HVWLPDWHV# WKDW# UHIOHFWV# WKH# IXOO# UDQJH# RI# LGHQWLILHG
DGYHUVH# KHDOWK# HIIHFWV# EXW# DYRLGV# GRXEOH# FRXQWLQJ1
)URP# WKH# GHILQLWLRQV# RI# WKH# VSHFLILF# KHDOWK# HIIHFWV
H[DPLQHG# LQ# HDFK# UHVHDUFK#SURMHFW/# LW# LV#SRVVLEOH# WR
LGHQWLI\#D#VHW#RI#HIIHFWV#WKDW#DUH#QRQ0RYHUODSSLQJ/#DQG
FDQ#EH#XOWLPDWHO\#WUHDWHG#DV#DGGLWLYH#LQ#WKH#PRQHWDU\
EHQHILWV#DQDO\VLV1# #7KLV#VHFWLRQ#SULPDULO\#IRFXVHV#RQ
WKH#VHW#RI#HIIHFW#UHODWLRQVKLSV#WKDW#KDYH#EHHQ#LGHQWLILHG
WKDW#PDNH# XS# D# QRQ0RYHUODSSLQJ# VHW1# #7DEOH#'045
VXPPDUL]HV# WKH# VWXGLHV# XVHG# LQ# HVWLPDWLQJ# PLQRU
LOOQHVVHV>#7DEOHV#'046#DQG#'047#SURYLGH#PRUH#GHWDLOHG
LQIRUPDWLRQ#RQ# WKHVH#VWXGLHV#DQG#RWKHU#VWXGLHV# WKDW
ZHUH#QRW#XVHG#LQ#WKH#DQDO\VLV1

Acute Bronchitis

'RFNHU\#HW#DO1#+4<<9,#H[DPLQHG#WKH#UHODWLRQVKLS
EHWZHHQ#30# DQG# RWKHU# SROOXWDQWV# RQ# WKH# UHSRUWHG
UDWHV#RI#DVWKPD/#SHUVLVWHQW#ZKHH]H/#FKURQLF#FRXJK/#DQG
EURQFKLWLV/# LQ# D# VWXG\#RI# 46/69<# FKLOGUHQ# DJHV# ;045
OLYLQJ#LQ##57#FRPPXQLWLHV#LQ#8161#DQG#&DQDGD1##+HDOWK
GDWD#ZHUH# FROOHFWHG# LQ# 4<;;04<<41# # 6LQJOH0SROOXWDQW
PRGHOV#ZHUH#XVHG# LQ# WKH# DQDO\VLV1#$QQXDO# OHYHOV#RI

VXOIDWHV#DQG#SDUWLFOH#DFLGLW\#ZHUH#VLJQLILFDQWO\#UHODWHG
WR#EURQFKLWLV/# DQG#30 # DQG#30 #ZHUH#PDUJLQDOO\518 43
VLJQLILFDQW1##(DUOLHU#ZRUN/#EDVHG#RQ#VL[#8161#FLWLHV/#E\
'RFNHU\# HW# DO1# +4<;<,# IRXQG# DFXWH# EURQFKLWLV# DQG
FKURQLF#FRXJK#VLJQLILFDQWO\#UHODWHG#WR#30 1##%HFDXVH48
LW#LV#EDVHG#RQ#D#ODUJHU#VDPSOH/#WKH#'RFNHU\#HW#DO1#+4<<9,
VWXG\#LV#XVHG#WR#GHYHORS#D#&05#IXQFWLRQ#OLQNLQJ#30518
ZLWK#DFXWH#EURQFKLWLV1

Upper Respiratory Symptoms (URS)

8VLQJ# ORJLVWLF# UHJUHVVLRQ/# 3RSH# HW# DO1# +4<<4,
HVWLPDWHG#WKH#LPSDFW#RI#30 #RQ#WKH#LQFLGHQFH#RI#D43
YDULHW\#RI#PLQRU#V\PSWRPV#LQ#88#VXEMHFWV#+67#´VFKRRO0
EDVHGµ# DQG# 54# ´SDWLHQW0EDVHGµ,# OLYLQJ# LQ# WKH#8WDK
9DOOH\# IURP#'HFHPEHU# 4<;<# WKURXJK#0DUFK# 4<<31
7KH#FKLOGUHQ# LQ#WKH#3RSH#HW#DO1#VWXG\#ZHUH#DVNHG#WR
UHFRUG#UHVSLUDWRU\#V\PSWRPV#LQ#D#GDLO\#GLDU\/#DQG#WKH
GDLO\# RFFXUUHQFHV# RI# XSSHU# UHVSLUDWRU\# V\PSWRPV
+856,# DQG# ORZHU# UHVSLUDWRU\# V\PSWRPV# +/56,/# DV
GHILQHG# DERYH/# ZHUH# UHODWHG# WR# GDLO\# 3043
FRQFHQWUDWLRQV1##3RSH#HW#DO1#GHVFULEH#856#DV#FRQVLVWLQJ
RI#RQH#RU#PRUH#RI#WKH#IROORZLQJ#V\PSWRPV=##UXQQ\#RU
VWXII\#QRVH>#ZHW#FRXJK>#DQG#EXUQLQJ/#DFKLQJ/#RU#UHG
H\HV1##/HYHOV#RI#R]RQH/#12 /#DQG#62 #ZHUH#UHSRUWHG5 5
ORZ#GXULQJ#WKLV#SHULRG/#DQG#ZHUH#QRW#LQFOXGHG#LQ#WKH
DQDO\VLV1##7KH#VDPSOH#LQ#WKLV#VWXG\#LV#UHODWLYHO\#VPDOO
DQG# LV# PRVW# UHSUHVHQWDWLYH# RI# WKH# DVWKPDWLF
SRSXODWLRQ/#UDWKHU#WKDQ#WKH#JHQHUDO#SRSXODWLRQ1##7KH
VFKRRO0EDVHG#VXEMHFWV#+UDQJLQJ#LQ#DJH#IURP#<#WR#44,
ZHUH#FKRVHQ#EDVHG#RQ#´D#SRVLWLYH#UHVSRQVH#WR#RQH#RU
PRUH#RI#WKUHH#TXHVWLRQV=#HYHU#ZKHH]HG#ZLWKRXW#D#FROG/
ZKHH]HG# IRU#6#GD\V#RU#PRUH#RXW#RI# WKH#ZHHN# IRU#D
PRQWK#RU#ORQJHU/#DQG2RU#KDG#D#GRFWRU#VD\#WKH#¶FKLOG
KDV#DVWKPD·#+3RSH#HW#DO1/#4<<4/#S1#99<,1µ##7KH#SDWLHQW0
EDVHG# VXEMHFWV# +UDQJLQJ# LQ# DJH# IURP# ;# WR# :5,#ZHUH
UHFHLYLQJ#WUHDWPHQW#IRU#DVWKPD#DQG#ZHUH#UHIHUUHG#E\
ORFDO#SK\VLFLDQV1# #5HJUHVVLRQ#UHVXOWV#IRU#WKH#VFKRRO0
EDVHG#VDPSOH#+3RSH#HW#DO1/#4<<4/#7DEOH#8,#VKRZ#3043
VLJQLILFDQWO\# DVVRFLDWHG#ZLWK# ERWK# XSSHU# DQG# ORZHU
UHVSLUDWRU\#V\PSWRPV1##7KH#SDWLHQW0EDVHG#VDPSOH#GLG
QRW#ILQG#D#VLJQLILFDQW#30 #HIIHFW1##7KH#UHVXOWV#IURP43
WKH#VFKRRO0EDVHG#VDPSOH#DUH#XVHG#KHUH1
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Lower Respiratory Symptoms (LRS)

6FKZDUW]#HW#DO1#+4<<7,##XVHG#ORJLVWLF#UHJUHVVLRQ#WR
OLQN#ORZHU#UHVSLUDWRU\#V\PSWRPV#LQ#FKLOGUHQ#ZLWK#62 /5
12 /#R]RQH/#30 /#30 /#VXOIDWH#DQG#+ #+K\GURJHQ5 43 518

.

LRQ,1##&KLOGUHQ#ZHUH#VHOHFWHG#IRU#WKH#VWXG\#LI#WKH\#ZHUH
H[SRVHG#WR#LQGRRU#VRXUFHV#RI#DLU#SROOXWLRQ=#JDV#VWRYHV
DQG# SDUHQWDO# VPRNLQJ1# # 7KH# VWXG\# HQUROOHG# 4/;77
FKLOGUHQ#LQWR#D#\HDU0ORQJ#VWXG\#WKDW#ZDV#FRQGXFWHG#LQ
GLIIHUHQW# \HDUV# +4<;7# WR# 4<;;,# LQ# VL[# FLWLHV1# # 7KH
VWXGHQWV#ZHUH#LQ#JUDGHV#WZR#WKURXJK#ILYH#DW#WKH#WLPH
RI#HQUROOPHQW#LQ#4<;71##%\#WKH#FRPSOHWLRQ#RI#WKH#ILQDO
VWXG\/#WKH#FRKRUW#ZRXOG#WKHQ#EH#LQ#WKH#HLJKWK#JUDGH
+DJHV#46047,>#WKLV#VXJJHVWV#DQ#DJH#UDQJH#RI#:#WR#471

Respiratory Illness

6HYHUDO#HSLGHPLRORJLFDO#VWXGLHV#UHSRUW#WKDW#125
H[SRVXUH# LQFUHDVHV# ULVN# RI# UHVSLUDWRU\# LOOQHVV# LQ
FKLOGUHQ1##7KH#UHVXOWV#RI#PDQ\#RI#WKH#VWXGLHV#DUH#QRW
VWDWLVWLFDOO\# VLJQLILFDQW1# # ,Q# DGGLWLRQ/# PDQ\# RI# WKH
VWXGLHV#GR#QRW#SURYLGH#DPELHQW#12 #PHDVXUHPHQWV/5
KDYLQJ# IRFXVHG#RQ# WKH#SUHVHQFH#RU# DEVHQFH#RI# JDV
VWRYHV#DV#VXUURJDWHV#IRU#H[SRVXUH1##+RZHYHU/#WKHUH#DUH
GDWD# DYDLODEOH# IURP# D# ZHOO0GHVLJQHG# VWXG\# ZLWK
DGHTXDWH#DPELHQW#H[SRVXUH#PHDVXUHPHQWV1##%DVHG#RQ
ZRUN#E\#0HOLD#HW#DO1#+4<;3>#4<;5,/##+DVVHOEODG#HW#DO1
+4<<5,# H[DPLQHG# GDWD# IURP# 436# FKLOGUHQ# LQ#KRPHV
ZKHUH#JDV#VWRYHV#ZHUH#SUHVHQW#DQG#ZKHUH#EHGURRP
12 #PHDVXUHPHQWV#ZHUH#WDNHQ1##$#VLJQLILFDQW#LQFUHDVH5
LQ# UHVSLUDWRU\# LOOQHVV#ZDV# IRXQG# WR#EH#D# IXQFWLRQ#RI
EHGURRP#12 #OHYHOV/#LQGHSHQGHQW#RI#VRFLDO#FODVV/#DJH/5
JHQGHU/#RU# WKH#SUHVHQFH#RI# D# VPRNHU# LQ# WKH#KRXVH1
+DVVHOEODG#HW#DO1#XVHG#D#PXOWLSOH#ORJLVWLF#PRGHO#ILWWHG
WR# WKH#0HOLD#GDWD#ZLWK# D# OLQHDU# VORSH# IRU#12 # DQG5
VHSDUDWH# LQWHUFHSWV#IRU#ER\V#DQG#JLUOV1# #7KLV#DQDO\VLV
XVHV#WKH#DYHUDJH#VORSH#RI#WKHVH#WZR#HVWLPDWHV1

Work Loss Days (WLD)

2VWUR#+4<;:,#HVWLPDWHG#WKH#LPSDFW#RI#30#RQ#WKH
LQFLGHQFH# RI# ZRUN0ORVV# GD\V# +:/',# LQ# D# QDWLRQDO
VDPSOH#RI#WKH#DGXOW#ZRUNLQJ#SRSXODWLRQ/#DJHV#4;#WR#98/
OLYLQJ# LQ#PHWURSROLWDQ# DUHDV1# # 6HSDUDWH# FRHIILFLHQWV
ZHUH#GHYHORSHG# IRU#HDFK#\HDU# LQ# WKH#DQDO\VLV# +4<:90
4<;4,>#ZH#WKHQ#FRPELQHG#WKHVH#FRHIILFLHQWV#IRU#XVH#LQ

WKLV#DQDO\VLV#XVLQJ#D#ZHLJKWHG#DYHUDJH#EDVHG#RQ# WKH
LQYHUVH#RI#WKH#YDULDQFHV1

Minor Restricted Activity Days (MRAD) /
Any of 19 Respiratory Symptoms

7ZR#VWXGLHV#E\#2VWUR#DQG#5RWKVFKLOG#+4<;<E,#DQG
.UXSQLFN# HW# DO1# +4<<3,# FRYHU# D# YDULHW\# RI# PLQRU
UHVSLUDWRU\#V\PSWRPV1##7R#DYRLG#GRXEOH#FRXQWLQJ/#ZH
WUHDW#WKHVH#WZR#VWXGLHV#DV#DOWHUQDWLYH#PHDVXUHV#RI#WKH
VDPH#KHDOWK#HIIHFW/#DQG#SRRO#WKH#LQFLGHQFH#HVWLPDWHV1

2VWUR# DQG# 5RWKVFKLOG# +4<;<E,# HVWLPDWHG# WKH
LPSDFW#RI#R]RQH#DQG#30 #RQ#WKH#LQFLGHQFH#RI#PLQRU518
UHVWULFWHG#DFWLYLW\#GD\V#+05$',#LQ#D#QDWLRQDO#VDPSOH
RI#WKH#DGXOW#ZRUNLQJ#SRSXODWLRQ/#DJHV#4;#WR#98/#OLYLQJ
LQ# PHWURSROLWDQ# DUHDV1# # :H# GHYHORSHG# VHSDUDWH
FRHIILFLHQWV#IRU#HDFK#\HDU#LQ#WKH#DQDO\VLV#+4<:904<;4,/
ZKLFK#ZHUH# WKHQ#FRPELQHG# IRU#XVH# LQ# WKLV#DQDO\VLV1
7KH# FRHIILFLHQW# XVHG# LQ# WKLV# DQDO\VLV# LV# D#ZHLJKWHG
DYHUDJH#RI# WKH#FRHIILFLHQWV#XVLQJ# WKH# LQYHUVH#RI# WKH
YDULDQFH#DV#WKH#ZHLJKW1

.UXSQLFN#HW#DO1# +4<<3,#HVWLPDWHG# WKH# LPSDFW#RI
FRHIILFLHQW#RI#KD]H# +&2+/#D#PHDVXUH#RI#SDUWLFXODWH
PDWWHU# FRQFHQWUDWLRQV,/# R]RQH# DQG# 62 # RQ# WKH5
LQFLGHQFH# RI# DQ\# RI# 4<# UHVSLUDWRU\# V\PSWRPV# RU
FRQGLWLRQV1 # #7KH\#XVHG#D# ORJLVWLF#UHJUHVVLRQ#PRGHO47

WKDW#WDNHV#LQWR#DFFRXQW#ZKHWKHU#D#UHVSRQGHQW#ZDV#ZHOO
RU#QRW#WKH#SUHYLRXV#GD\1# #$#NH\#GLIIHUHQFH#EHWZHHQ
WKLV#DQG#WKH#XVXDO#ORJLVWLF#PRGHO#LV#WKDW#WKH#PRGHO#WKH\
XVHG#LQFOXGHV#D#ODJJHG#YDOXH#RI#WKH#GHSHQGHQW#YDULDEOH1

Moderate or Worse Asthma

7KLV# KHDOWK# HQGSRLQW# FRPHV# IURP#2VWUR# HW# DO1
+4<<4,/#D# VWXG\# LQ#ZKLFK#DVWKPDWLFV/#DJHV# 4;# WR# :3/
ZHUH#DVNHG#WR#UHFRUG#GDLO\#D#VXEMHFWLYH#UDWLQJ#RI#WKHLU
RYHUDOO# DVWKPD# VWDWXV# HDFK# GD\# +3 QRQH/# 4 PLOG/
5 PRGHUDWH/#6 VHYHUH/#7 LQFDSDFLWDWLQJ,1##2VWUR#HW#DO1

.UXSQLFN# HW# DO1# +4<<3,# OLVW# 46# VSHFLILF# ´V\PSWRPV# RU47

FRQGLWLRQVµ=#KHDG#FROG/#FKHVW#FROG/#VLQXV# WURXEOH/#FURXS/#FRXJK
ZLWK#SKOHJP/#VRUH#WKURDW/#DVWKPD/#KD\#IHYHU/#GRFWRU0GLDJQRVHG#HDU
LQIHFWLRQ/#IOX/#SQHXPRQLD/#EURQFKLWLV/#DQG#EURQFKLROLWLV1##7KH#RWKHU
VL[#V\PSWRPV#RU#FRQGLWLRQV#DUH#QRW#VSHFLILHG1
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WKHQ#H[DPLQHG#WKH#UHODWLRQVKLS#EHWZHHQ#PRGHUDWH#+RU
ZRUVH,#DVWKPD#DQG#+ /#VXOIDWH/#62 /#30 /#HVWLPDWHG.

5 518
30 /#30 /#QLWUDWH/#DQG#QLWULF#DFLG1# #7KH#SXEOLVKHG518 43
UHVXOWV# XVHG# LQ# WKH#SURVSHFWLYH# DQDO\VLV# DUH# IURP# D
VLQJOH0SROOXWDQW#OLQHDU#UHJUHVVLRQ#PRGHO#ZKHUH#WKH#ORJ
RI#WKH#SROOXWDQW#LV#XVHG1

$VWKPD# ´DWWDFNVµ# DVVRFLDWHG# ZLWK# R]RQH# DUH
HVWLPDWHG#XVLQJ#WKH#VWXG\#E\#:KLWWHPRUH#DQG#.RUQ
+4<;3,1# #6\PSWRPV# LQ#DVWKPDWLF#FKLOGUHQ#DVVRFLDWHG
ZLWK#62 #DUH#IURP#/LQQ#HW#DO1#+4<;:>#4<;;>#4<<3,#DQG5
5RJHU#HW#DO1#+4<;8,1

Shortness of Breath

8VLQJ#D#ORJLVWLF#UHJUHVVLRQ#HVWLPDWLRQ/#2VWUR#HW#DO1
+4<<8,#HVWLPDWHG#WKH#LPSDFW#RI#30 /#R]RQH/#12 /#DQG43 5
62 # RQ# WKH# LQFLGHQFH# RI# FRXJKLQJ/# VKRUWQHVV# RI5
EUHDWK/# DQG# ZKHH]LQJ# LQ# ;6# $IULFDQ0$PHULFDQ
DVWKPDWLF# FKLOGUHQ# DJHV# :045# OLYLQJ# LQ#/RV#$QJHOHV
IURP#$XJXVW# WKURXJK#6HSWHPEHU#4<<51# #5HJUHVVLRQ
UHVXOWV#VKRZ#ERWK#30 #DQG#R]RQH#VLJQLILFDQWO\#OLQNHG43
WR#VKRUWQHVV#RI#EUHDWK># WKH#EHJLQQLQJ#RI#DQ#DVWKPD
HSLVRGH#ZDV#DOVR#VLJQLILFDQWO\#OLQNHG#WR#R]RQH1##5HVXOWV
IRU#VLQJOH0SROOXWDQW#PRGHOV#RQO\#ZHUH#SUHVHQWHG#LQ#WKH
SXEOLVKHG#SDSHU1

Restricted Activity Days (RADs)

2VWUR# +4<;:,# XVHG# D# ORJ0OLQHDU# UHJUHVVLRQ# WR
HVWLPDWH# WKH# LPSDFW# RI# 30 # RQ# WKH# LQFLGHQFH# RI518
UHVWULFWHG#DFWLYLW\#GD\V#+5$',#LQ#D#QDWLRQDO#VDPSOH#RI
WKH# DGXOW# SRSXODWLRQ/# DJHV# 4;# WR# 98/# OLYLQJ# LQ
PHWURSROLWDQ# DUHDV1# # 6HSDUDWH# FRHIILFLHQWV# ZHUH
GHYHORSHG#IRU#HDFK#\HDU#LQ#WKH#DQDO\VLV#+4<:904<;4,>
WKHVH#FRHIILFLHQWV#ZHUH#SRROHG1##7KH#FRHIILFLHQW#XVHG
LQ#WKH#FRQFHQWUDWLRQ0UHVSRQVH#IXQFWLRQ#XVHG#KHUH#LV#D
ZHLJKWHG#DYHUDJH#RI#WKH#FRHIILFLHQWV#LQ#2VWUR#+4<;:/
7DEOH# ,,,,# XVLQJ# WKH# LQYHUVH#RI# WKH# YDULDQFH# DV# WKH
ZHLJKW1
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Table D-12
Studies Used to Develop Minor Illness Estimates

Endpoints Estimated Study Population Age Study Model
Pollutants Used in Final

acute bronchitis 8-12 Dockery et al. (1996) PM2.5

upper respiratory symptoms 9-11 Pope et al. (1991) PM10

lower respiratory symptoms 7-14 Schwartz et al. (1994) PM2.5

respiratory illness 6-7 Hasselblad et al. (1992) NO2

any of 19 respiratory symptoms 18-65 Krupnick et al. (1990) O , PM3 10

moderate or worse asthma all ages (asthmatics) Ostro et al. (1991) PM2.5

asthma attacks all ages (asthmatics) Whittemore and Korn (1980) O , PM3 10

chest tightness, shortness of breath, or wheeze all ages (asthmatics) Linn et al. (1987; 1988; 1990) SO
and Roger et al. (1985)

2

shortness of breath 7-12 (African-American asthmatics) Ostro et al. (1995) PM10

work loss days 18-65 Ostro (1987) PM2.5

minor restricted activity days 18-65 Ostro and Rothschild (1989b) PM , O2.5 3

restricted activity days 18-65 Ostro (1987) PM2.5
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Table D-13
Summary of Selected Studies for Minor Illness

Study Period Population Endpoint Pollutants Main Findings Comment
Location and

Dockery et  24 communities 13,369 asthma, persistent particle Annual level of sulfates and particle Study examined annual
al. (1996) in U.S. and children wheeze, chronic acidity, acidity related to bronchitis.  HNO pollution exposures, and

Canada ages 8-12 cough, bronchitis SO , PM , and HNO  linked to asthma.  SO the authors did not rule out
1988-1991 PM , linked to chronic phlegm. that acute (daily)

4 2.1

10

HNO , exposures could be related2

HNO , O to asthma attacks and3 3

2

3 2

other acute episodes.

Dockery et Six U.S. cities 5,422 bronchitis, chest SO , NO , Annual level of PM  significantly
al. (1989) 1980-1981 children illness, cough, O , PM , related to bronchitis and chronic

ages 10-12 wheeze, asthma PM , TSP, cough.  Annual O  significantly

2 2

3 2.5

15

SO related to asthma.4

15

3

Hasselblad Meta-analysis of children lower respiratory tract NO Annual NO  change of 30 µg/m
et al. (1992) 11 studies from ages 5-12 illness associated with lower respiratory

the U.S. and tract illness.
Europe

2 2
3

Hoek and Two rural towns 300 children symptoms including: SO , NO , Daily pollutant levels not associated
Brunekreef in the ages 7-11 cough, phlegm, O , PM , with any of the symptoms studied.
(1995) Netherlands. wheeze, runny nose, PM ,

Spring-Summer throat pain, PM ,
1989 headache, eye SO , NO

irritation, physician
visit

2 2

3 2.5

10

2.5-10

4 3

Krupnick et Three 570 adults any of 19 respiratory O , COH In single pollutant models, daily O ,
al. (1990) communities in and 756 symptoms including (coefficient COH, and SO  related to respiratory

Los Angeles children cough with phlegm of haze), symptoms in adults.  O  significant
County, SO , NO controlling for other pollutants. 
California Results more variable for COH and
9/78-3/79 SO , perhaps due to collinearity. 

3

2 2

3

2

3

2

NO  had no significant effect.  No2

effect seen in children for any
pollutant.

Ostro Nationwide Adults ages work-loss days PM Two-week average PM  levels PM  estimated from
(1987) sample from U.S. 18-65 restricted activity significantly linked to work-loss days, visibility data.

Health Interview days (RADs), RADs, and respiratory-related RADs. 
Survey respiratory-related Some year-to-year variability in
1976-1981 RADs results.

2.5 2.5 2.5



Study Period Population Endpoint Pollutants Main Findings Comment
Location and

D-53

Ostro et al. Three 321 non- lower respiratory O , COH, In single pollutant model, daily O
(1993) communities in smoking symptoms, upper SO , SO , linked to lower and upper respiratory

Los Angeles adults respiratory NO symptoms.  SO  linked to lower
County, symptoms, eye respiratory symptoms.  No significant
California irritation effects seen for COH, SO , and NO
9/78-3/79

3

4 2

2

3

4

2 2.

Ostro and Nationwide Adults ages respiratory-related O , PM Controlling for PM , two-week PM  estimated from
Rothschild sample from U.S. 18-65 RADs, minor RADs. average O  has highly variable visibility data.
(1989b) Health Interview association with respiratory-related

Survey and minor RADs.  Controlling for O ,
1976-1981 two-week average PM  significantly

3 2.5 2.5

3

3

2.5

linked to both health endpoints in
most years.

2.5

Peters et al. Twelve 3,676 fourth, asthma, wheeze, SO , NO , Wheeze in males, linked to annual
(1999) communities in seventh, bronchitis, cough O , PM , average NO  and acid in 1994

southern tenth grade PM , (similar link for exposure averaged
California students PM , over 1986-1990).  Peak ozone
1994 SO , NO , reported associated with decreased

2 2

3 2.5

10

2.5-10

4 3

NH , asthma prevalence in females.  No4

gaseous other reported effects.
acids

2

Pope and Utah Valley 79 children upper respiratory PM PM  linked to daily reported Of the 79 children in the
Dockery 12/90-3/91 ages 10-12 symptoms, lower incidences of upper and lower sample, 39 were
(1992) respiratory respiratory symptoms and cough. symptomatic, and the other

symptoms, cough Effect seen in symptomatic sample. 40 were asymptomatic.

10 10

Only cough in symptomatic sample
linked to PM .10

Pope et al. Utah Valley 34 children upper respiratory PM PM  significantly linked to upper and
(1991) 12/89-3/90 ages 9-11, symptoms, lower lower respiratory symptoms in

and 21 respiratory sample of 34 children.  PM  linked
asthmatics symptoms,  took only to increased asthma medication
ages 8-72 asthma medication use in the asthmatic sample.

10 10

10
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Schwartz et Six U.S. cities 1,844 upper respiratory SO , NO , In single pollutant models SO , NO ,
al. (1994) April-August in children symptoms, lower O , PM , PM , and PM  significantly linked to

one year respiratory PM , SO , cough.  In two-pollutant models, PM
between 1984 symptoms, cough H has most consistent effect; other
and 1988 (year pollutants not significant, controlling
varies by city) for PM .  In single pollutant models,

2 2

3 2.5

10 4
+

2 2

2.5 10

10

10

SO , O , PM , PM , SO , and H2 3 2.5 10 4
+

linked to lower respiratory symptoms.
No effect seen for upper respiratory
symptoms.

Schwartz Los Angeles, CA 110 student cough, phlegm, sore CO, SO , NO  linked to sore throat, phlegm, Results presented as a mix
and Zeger 1961-1964 nurses throat, headache, NO , O and eye irritation.  Oxidants (O ) of single pollutant and dual
(1990) chest discomfort, eye linked to chest discomfort and eye pollutant models.  Stepwise

irritation irritation.  CO linked to headache. selection used to pick

2

2 x

2

x

significant covariates.

von Mutius Leipzig, 1,500 upper respiratory SO , NO , In single pollutant models, SO , NO , PM measured by beta-
et al. (1995) Germany children symptoms PM and PM linked to upper respiratory absorption.  The limited

10/91-7/92 ages 9-11 symptoms in winter (high pollution modeling results presented

2 x 2 x

season).  In the summer, only NO for models with more thanx

linked to respiratory symptoms. one pollutant were similar
to single pollutant results.
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Table D-14
Summary of Selected Studies for Asthmatics

Study Period Population Endpoint Pollutants Main Findings Comment
Location and

Forsberg et Pitea, Sweden 31persons shortness of BS (black Controlling for other pollutants, daily levels Black smoke is an indirect
al. (1993) about sixty days ages 9-71 breath, smoke), of BS linked to shortness of breath.  No link measure of PM.

wheeze, cough, SO , NO between pollutants and wheeze, cough, and
phlegm phlegm.

2 2

Gielen et Amsterdam, 61 children upper O , PM , In single pollutant model, daily levels of BS Results in the model highly
al. (1997) Netherlands ages 7-13 respiratory BS significantly linked to lower and upper dependent on the lag

summer symptoms, respiratory symptoms and medication use. length used.  The five-day
1995 lower PM  linked to lower respiratory symptoms mean black smoke and

respiratory and medication use.  O  linked to upper PM  yielded significant
symptoms, respiratory symptoms. results, but current, one
medication use and two day lags did not. 

3 10

10

3 10

Current day O  significant.3

Hiltermann Leiden 60 adults symptoms O , PM , In single pollutant models, daily levels of O ,
et al. University, ages 18-55 include: BS, NO , PM , BS, and NO  linked to shortness of
(1998) Netherlands shortness of SO breath.  Some significant negative

7/3/95-10/6/95 breath, cough, associations reported for nasal symptoms
phlegm, and levels of PM , BS, and NO .  No
wheeze, runny significant effect reported for SO .
nose, throat
pain,
headache, eye
irritation,
physician visit

3 10

2

2

3

10 2

10 2

2

Linn et al. Chamber Exercising, chest tightness, SO SO  exposure linked to moderate symptoms
(1987; studies. young shortness of in these studies of moderately exercising
1988; asthmatics breath, or young asthmatics.
1990) and wheeze
Roger et al.
(1985)

2 2
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Neukirch et Paris, France 40 persons asthma, PM , BS, In single pollutant models, daily levels of PM  used rather than the
al. (1998) 11/92-5/93 (mean age wheeze, NO , SO PM , BS, NO , and SO  were each more common PM .

of sample shortness of significantly associated with asthma
was 46) breath, cough, attacks, wheeze, cough, respiratory

respiratory infections, and shortness of breath.
infection

13

2 2 13 2 2

13

10

Ostro et al. Denver, CO 207 severity of SO , PM , Daily levels of H  linked to cough, asthma, Some PM  estimated. 
(1991) 12/87-2/88 persons asthma SO , NO , and shortness of breath.  PM  linked to Exclusion of estimated

ages 18-70 symptoms, H , nitric asthma.  SO  linked to shortness of breath. data removes significant
cough, wheeze, acid No effects seen for other pollutants. link to asthma.  Only single
shortness of pollutant models reported.
breath, chest
tightness

2 2.5

4 3
+

+

2.5

4

2.5

Ostro et al. Los Angeles, CA 83 children cough, O , NO , In single pollutant models, daily levels of O
(1995) 8/92-11/92 ages 7-12 shortness of SO , PM and PM  linked only to shortness of breath. 

breath, wheeze No effect seen for NO  and SO .

3 2

2 10

3

10

2 2

Peters et Three cities in 155 children symptom score TSP, SO , Daily SO  linked to the respiratory symptom
al. (1996) East Germany ages 7-15 based on a SO , score.  No link between the other pollutants

and the Czech and 102 variety of particle and the symptom score.
Republic adults ages respiratory acidity
9/90-6/92 32-80 symptoms

2

4

2

Roemer et 28 locations in 2,010 symptoms PM , BS, Daily pollutant levels not related to adverse
al. (1998) Europe children include: NO , SO health symptoms.

winter 1993- ages 6-12 shortness of
1994 breath, cough,

phlegm,
wheeze, runny
nose, sore
throat,
headache, eye
irritation

10

2 2

Romieu et Mexico City 71 children cough, phlegm, PM , Controlling for PM , daily levels of O PM  also linked adverse
al. (1996) ages 5-7 difficulty PM , O , linked to cough and lower respiratory symptoms.  Published

breathing, NO , SO illness.  Controlling for O , PM  linked to results focused on O  and
wheezing, cough, phlegm, and lower respiratory PM .  Results for NO  and
lower symptoms. SO  not reported.
respiratory
illness

10

2.5 3

2 2

2.5 3

3 2.5

10

3

2.5 2

2
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Whittemore Six communities 443 children asthma O , TSP In a two pollutant model, daily levels of both Respirable PM, NO , SO
and Korn in southern CA and adults TSP and O  were significantly related to were highly correlated with
(1980) Three 34-week reported asthma attacks. TSP and excluded from the

periods 1972- analysis.
1975

x

x

2 2
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C-R Functions Linking Air
Pollution and Adverse Health
Effects
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Carbon Monoxide
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Table D-15
Summary of C-R Functions for Carbon Monoxide

Health C-R Function Source of C-R Function
Endpoint

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

asthma where: Other pollutants in model:
y  = daily hospital admission rate for asthma per person = 4.75 E-6 PM , O0

ù = CO coefficient = 0.0332
ôCO = change in daily average CO concentration (ppm)
pop = population of all ages
) = standard error of ù =  0.00861ù

2.5-10 3

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
obstructive where: Other pollutants in model:

lung disease y  = daily hospital admission rate for obstructive lung disease per PM , O0

person = 5.76 E-6
ù = CO coefficient = 0.0250
ôCO = change in daily average CO concentration (ppm)
pop = population of all ages
) = standard error of ù = 0.0165ù

2.5-10 3

hospital Study: Moolgavkar (1997)
admissions – Location: Minneapolis-St. Paul

COPD where: Other pollutants in model: O ,
y  = daily hospital admission rate for COPD per person = 3.75 E-5 PM0

ù = CO coefficient = 0.0573
ô CO = change in daily average CO concentration (ppm)
pop = population age 65 and older
) = standard error of ù = 0.0329ù

3

10

hospital Study: Sheppard (1999)
admissions – Location: Seattle, WA

asthma where: Other pollutants in model:
y  = daily hospital admission rate for asthma per person = 4.52 E-6 PM0

ù = CO coefficient = 0.0528
ô CO = change in daily average CO concentration (ppm)
pop = population of ages < 65
) = standard error of ù = 0.0185ù

2.5

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
dysrhythmias Other pollutants in model:

where: PM , O
y  = daily hospital admission rate for dysrhythmias per person = 6.460

E-6
ù = CO coefficient = 0.0573
ôCO = change in daily average CO concentration (ppm)
pop = population of all ages
) = standard error of ù = 0.0229ù

2.5 3
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hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
congestive where: Other pollutants in model: NO
heart failure y  = daily hospital admission rate for congestive heart failure per0

person = 9.33 E-6
ù = CO coefficient = 0.0340
ôCO = change in daily average CO concentration (ppm)
pop = population of all ages
) = standard error of ù = 0.0163ù

2

hospital Study: Schwartz and Morris
admissions – (1995)

ischemic heart where: Location: Detroit, MI
disease y  = daily hospital admission rate for ischemic heart disease per Other pollutants in model:0

person 65 and older = 9.96 E-5 PM
ù = CO coefficient= 0.000467
ôCO = change in daily one-hour maximum CO concentration (ppm)
pop = population age 65 and older
) = standard error of ù = 0.000435ù

10

hospital Study: Schwartz and Morris
admissions – (1995)
congestive where: Location: Detroit, MI
heart failure y  = daily hospital admission rate for congestive heart failure per Other pollutants in model:0

person 65 and older = 5.82 E-5 PM
ù = CO coefficient = 0.0170
ôCO = change in daily one-hour maximum CO concentration (ppm)
pop = population age 65 and older
) = standard error of ù = 0.00468ù

10

hospital Study: Schwartz (1999)
admissions – Location: eight U.S. counties

cardiovascular where: Other pollutants in model:
y  = daily hospital admission rate for cardiovascular disease per PM0

person 65 and older = 2.23 E-4
ù = CO coefficient = 0.0127
ôCO = change in daily one-hour maximum CO concentration
pop = population age 65 and older
) = standard error of ù = 0.00255ù

10

hospital Study: Schwartz (1997)
admissions – Location: Tucson, AZ

cardiovascular where: Other pollutants in model:
y  = daily hospital admission rate for cardiovascular disease per PM0

person 65 and older = 2.23 E-4
ù = CO coefficient = 0.0139
ôCO = change in daily one-hour maximum CO concentration
pop = population age 65 and older
) = standard error of ù = 0.00715ù

10
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Nitrogen Dioxide

1LWURJHQ#GLR[LGH#+12 ,#LV#WKH#SULPDU\#IRFXV#RI5
KHDOWK#VWXGLHV#RQ#WKH#QLWURJHQ#R[LGHV#DQG#VHUYHV#DV#WKH
EDVLV#IRU#WKLV#DQDO\VLV1##7DEOH#'049#VXPPDUL]HV#WKH#&0
5#IXQFWLRQV#WKDW#DUH#XVHG#WR#TXDQWLI\#WKH#UHODWLRQVKLS
EHWZHHQ#12 #DQG#DGYHUVH#KHDOWK#HIIHFWV15



[ ]∆ ∆A ll resp ira to ry y e popN O= − ⋅ − ⋅− ⋅
0

2 1( ) ,β

[ ]∆ Re ( ) ,sp ira tory In fection Adm issions y e popN O=− ⋅ − ⋅− ⋅∆
0

2 1β

[ ]∆pneum onia adm issions y e popN O=− ⋅ − ⋅− ⋅∆
0

2 1( ) ,β

[ ]∆Congestive Heart Failure Adm issions y e popN O=− ⋅ − ⋅− ⋅∆
0

2 1( ) ,β

D-62

Table D-16
Summary of C-R Functions for Nitrogen Dioxide

Health Endpoint C-R Function Source of C-R Function

hospital admissions – Study: Burnett et al. (1997b)
all respiratory Location: Toronto, Canada

where: Other pollutants in model: PM , O , SO
y  = daily hospital admission rate for all respiratory per person = 2.58  E-50

ù = NO  coefficient = 0.003782

ôNO = change in daily 12-hour average NO  concentration (ppb)2 2

pop = population of all ages
) = standard error of ù = 0.00221ù

2.5-10 3 2

hospital admissions – Study: Burnett et al. (1999)
respiratory infection Location: Toronto, Canada

where: Other pollutants in model: PM , O
y  = daily hospital admission rate for respiratory infection per person = 1.56 E-50

ù = NO  coefficient = 0.001722

ôNO = change in daily average NO  concentration (ppb)2 2

pop = population of all ages
) = standard error of ù = 0.000521ù

2.5 3

hospital admissions – Study: Moolgavkar et al. (1997)
pneumonia Location: Minneapolis, MN

where: Other pollutants in model: O , SO , PM
y  = daily hospital admission rate for pneumonia per person = 5.30 E-50

ù = NO  coefficient = 0.001692

ô NO = change in daily average NO  concentration (ppb)2 2

pop = population age 65 and older
) = standard error of ù = 0.00125ù

3 2 10

hospital admissions – Study: Burnett et al. (1999)
congestive heart failure Location: Toronto, Canada

where: Other pollutants in model: CO
y  = daily hospital admission rate for congestive heart failure per person = 9.33 E-60

ù = NO  coefficient = 0.002642

ôNO = change in daily average NO  concentration (ppb)2 2

pop = population of all ages
) = standard error of ù = 0.000769ù
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hospital admissions – Study: Burnett et al. (1999)
ischemic heart disease Location: Toronto, Canada

where: Other pollutants in model: SO  
y  = daily hospital admission rate for ischemic heart disease per person = 2.23 E-50

ù = NO  coefficient = 0.003182

ôNO = change in daily average NO  concentration (ppb)2 2

pop = population of all ages
) = standard error of ù = 0.000521ù

2

respiratory symptoms Study: Hasselblad et al. (1992)

where: by Hasselblad et al.  The constant and the
û = constant = -0.536 gender coefficient were obtained via personal
ù = NO  coefficient = 0.0275 communication with V.  Hasselblad 2/28/95 by2

õ = gender coefficient (used for males only) = -0.0295 Abt Associates.  The equation is based on
ôNO  = change in annual NO  concentration (ppb) study results by Melia et al. (1980).2 2

pop = children ages 6-7
) = standard error of ù = 0.0132ù

Location: Middlesborough, England
Other pollutants in model: none
Comments: The NO  coefficient was reported2
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Ozone
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Table D-17
Summary of C-R Functions for Ozone

Health C-R Function Source of C-R Function
Endpoint

mortality Study: Ito and Thurston (1996)

where: Other pollutants in model: PM
y  = non-accidental deaths per person of any age0

ù = ozone coefficient = 0.000634
ôO  = change in daily one-hour maximum ozone concentration (ppb)3

pop = population all ages
) = standard error of ù = 0.000251ù

Location: Chicago, IL
10

mortality Study: Kinney et al. (1995)

where: Other pollutants in model: PM
y  = non-accidental deaths per person of any age0

ù = ozone coefficient =  0 
ôO  = change in daily 1-hour maximum ozone concentration (ppb)3

pop = population all ages
) = standard error of ù =  0.000214ù

Location: Los Angeles, CA
10

mortality Study: Moolgavkar et al. (1995)

where: Other pollutants in model: SO ,
y  = non-accidental deaths per person of any age TSP0

ù = ozone coefficient = 0.000611 
ôO  = change in daily average ozone concentration (ppb)3

pop = population all ages
) = standard error of ù = 0.000216ù

Location: Philadelphia, PA
2

mortality Study: Samet et al. (1997)

where: Other pollutants in model: CO,
y  = non-accidental deaths per person of any age NO , SO , TSP0

ù = ozone coefficient = 0.000936 
ôO  = change in daily average ozone concentration (ppb)3

pop = population all ages
) = standard error of ù =  0.000312ù

Location: Philadelphia, PA

2 2

adult onset Study: McDonnell et al. (1999)
asthma Location: California

where:
y  = annual asthma incidence rate per person = 0.002190

ù = estimated O  coefficient = 0.02773

ôO  = change in annual average 8-hour O  concentration3 3

pop = population of non-asthmatic males ages 27 and  older
)  = standard error of ù = 0.0135ù

Other pollutants in model: none

hospital Study: Burnett et al. (1997b)
admissions – Location: Toronto, Canada
all respiratory where: Other pollutants in model:

y  = daily hospital admission rate for all respiratory per person = 2.58 PM , NO , SO0

E-5
ù = O  coefficient = 0.004983

ôO = change in daily 12-hour average O  concentration (ppb)3 3

pop = population of all ages
) = standard error of ù = 0.00106ù

2.5-10 2 2



[ ]∆Asthm a Adm issions y e popO=− ⋅ − ⋅− ⋅∆
0

3 1( ) ,β

[ ]∆O bstructive Lung D isease Adm issions y e popO=− ⋅ − ⋅− ⋅∆
0

3 1( ) ,β

[ ]∆ Re ( ) ,sp ira tory In fection Adm issions y e popO=− ⋅ − ⋅− ⋅∆
0

3 1β

∆ ∆all resp ira tory adm issions O pop= ⋅ ⋅β 3 ,

[ ]∆pneum onia adm issions y e popO=− ⋅ − ⋅− ⋅∆
0

3 1( ) ,β

[ ]∆CO PD adm issions y e popO=− ⋅ − ⋅− ⋅∆
0

3 1( ) ,β

The Benefits and Costs of the Clean Air Act, 1990 to 2010

Health C-R Function Source of C-R Function
Endpoint

D-66

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

asthma where: Other pollutants in model: CO,
y  = daily hospital admission rate for asthma per person = 4.75 E-6 PM0

ù = ozone coefficient = 0.00250
ôO = change in daily average ozone concentration (ppb)3

pop = population of all ages
) = standard error of ù =  0.000718ù

2.5-10

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
obstructive where: Other pollutants in model: CO,

lung disease y  = daily hospital admission rate for obstructive lung disease per PM0

person = 5.76 E-6
ù = ozone coefficient = 0.00303
ôO  = change in daily average ozone concentration (ppb)3

pop = population of all ages
) = standard error of ù = 0.00110ù

2.5-10

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

respiratory where: Other pollutants in model:
infection y  = daily hospital admission rate for respiratory infection per person = PM , NO0

1.56 E-5
ù = ozone coefficient = 0.00198
ôO = change in daily average ozone concentration (ppb)3

pop = population of all ages
) = standard error of ù = 0.000520ù

2.5 2

hospital Study: Thurston et al. (1994)
admissions – Location: Toronto, Canada
all respiratory where: Other pollutants in model: PM

ù = ozone coefficient = 1.68 E-8
ôO  = change in daily one-hour maximum ozone concentration (ppb)3

pop = population all ages
) = standard error of ù = 9.71 E-9 .ù

2.5

hospital Study: Moolgavkar et al. (1997)
admissions – Location: Minneapolis, MN
pneumonia where: Other pollutants in model: SO ,

y  = daily hospital admission rate for pneumonia per person = 5.30 E-5 NO , PM0

ù = O  coefficient = 0.003703

ôO = change in daily average O  concentration (ppb)3 3

pop = population age 65 and older
) = standard error of ù = 0.00103ù

2

2 10

hospital Study: Moolgavkar et al. (1997)
admissions – Location: Minneapolis, MN

COPD where: Other pollutants in model: CO,
y  = daily hospital admission rate for COPD per person = 3.75 E-5 PM0

ù = O  coefficient = 0.002743

ôO = change in daily average O  concentration (ppb)3 3

pop = population age 65 and older
) = standard error of ù = 0.00170ù

10
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hospital Study: Schwartz (1994c)
admissions – Location: Minneapolis, MN
pneumonia where: Other pollutants in model: PM

y  = daily hospital admission rate for pneumonia per person = 5.30 E-50

ù = O  coefficient = 0.002803

ôO = change in daily average O  concentration (ppb)3 3

pop = population age 65 and older
) = standard error of ù = 0.00172ù

10

hospital Study: Schwartz (1994b)
admissions – Location: Detroit, MI
pneumonia where: Other pollutants in model: PM

y  = daily hospital admission rate for pneumonia per person = 5.18 E-50

ù = O  coefficient = 0.005213

ôO = change in daily average O  concentration (ppb)3 3

pop = population age 65 and older
) = standard error of ù = 0.0013ù

10

hospital Study: Schwartz (1994b)
admissions – Location: Detroit, MI

COPD where: Other pollutants in model: PM
y  = daily hospital admission rate for COPD per person = 3.05 E-50

ù = O  coefficient = 0.005493

ôO = change in daily average O  concentration3 3

pop = population age 65 and older
) = standard error of ù = 0.00205ù

10

hospital Study: Schwartz (1995)
admissions – Location: New Haven, CT
all respiratory where: Other pollutants in model: PM

y  = daily hospital admissions for all respiratory per person 65 and0

older = 1.187 E-4
ù = ozone coefficient = 0.00265
ôO  = change in daily average ozone concentration (ppb)3

pop = population age 65 and older
) = standard error of ù = 0.00140ù

10

hospital Study: Schwartz (1995)
admissions – Location: Tacoma, WA
all respiratory where: Other pollutants in model: PM

y  = daily hospital admissions for all respiratory conditions per person0

65 and older = 1.187 E-4
ù = ozone coefficient = 0.00715
ôO  = change in daily average ozone concentration (ppb)3

pop = population age 65 and older
) = standard error of ù = 0.00257ù

10

hospital Study: Burnett et al. (1997b)
admissions – Location: Toronto, Canada

cardiac where: Other pollutants in model:
y  = daily hospital admission rate for cardiac per person = 3.81 E-5 PM0

ù = O  coefficient = 0.005313

ôO = change in daily 12-hour average O  concentration (ppb)3 3

pop = population of all ages
) = standard error of ù = 0.00142ù

2.5-10
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hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
dysrhythmias where: Other pollutants in model:

y  = daily hospital admission rate for dysrhythmias per person = 6.46 PM , CO0

E-6
ù = ozone coefficient = 0.00168
ôO = change in daily average ozone concentration (ppb)3

pop = population of all ages
) = standard error of ù = 0.00103ù

2.5

emergency Study: Cody et al. (1992)
room visits - Location: Northern NJ

asthma Other pollutants in model: none
where: Comment:  63 % of estimate
ù = ozone coefficient = 0.0203 used to avoid double-counting
BasePop = baseline population in northern New Jersey = 4,436,976 hospital admissions for
ôO  = change in daily five-hour average ozone concentration (ppb) asthma. 3

pop = population all ages
) = standard error of ù = 0.00717ù

emergency Study: Weisel et al. (1995)
room visits - Location: Northern, NJ

asthma Other pollutants in model: none
where: Comment:  63 % of estimate
ù = ozone coefficient = 0.0443 used to avoid double-counting
BasePop = baseline population in northern New Jersey = 4,436,976 hospital admissions for
ôO  = change in daily five-hour average ozone concentration (ppb) asthma. 3

pop = population all ages
) = standard error of ù = 0.00723ù

emergency Study: Stieb et al. (1996)
room visits - Location: New Brunswick,

asthma Canada
where: Other pollutants in model: none
ù = ozone coefficient = 0.0035 Comment:  63 % of estimate
BasePop = baseline population in Saint John, New Brunswick  = 125,000 used to avoid double-counting
ôO  = change in the daily one-hour maximum ozone concentration hospital admissions for3

(ppb) asthma. 
pop = population all ages
) = standard error of ù = 0.0018ù

presence of Study: Krupnick et al. (1990)
any of 19 Location: Glendora-Covina-

acute where: Azusa, CA
respiratory ù = first derivative of the stationary probability = 0.000137 Other pollutants in model: SO ,
symptoms ôO  = change in daily one-hour maximum ozone concentration (ppb) COH

*

3

pop = population aged 18-65 years old
) = standard error of ù  = 0.0000697ù

*

2

self-reported Study: Whittemore and Korn
asthma (1980)
attacks Location: Los Angeles, CA

where: Other pollutants in model: TSP
y  = daily incidence of asthma attacks = 0.027 0

ù = ozone coefficient = 0.00184
ôO  = change in daily one-hour maximum ozone concentration (ppb)3

pop  = population of asthmatics of all ages = 5.61% of the population
of all ages

) = standard error of ù = 0.000714ù
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respiratory Study: Ostro and Rothschild
and (1989b)

nonrespiratory where: Location: U.S.
conditions y  = daily MRAD incidence per person = 0.02137 Other pollutants in model: PM

resulting in a ù = inverse-variance weighted PM  coefficient = 0.00220 Comments: An inverse-
minor ôO = change in two-week average of the daily one-hour maximum variance weighting used to

restricted ozone concentrations (ppb) estimate the coefficient, based
activity day pop = adult population aged 18 to 65 on Ostro and Rothschild.

(MRAD) )  = standard error of ù = 0.000658

0

2.5

3

ù

2.5
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Particulate Matter
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Table D-18
Summary of C-R Functions for Particulate Matter

Health C-R Function Source of C-R Function
Endpoint

mortality Study: Pope et al. (1995)

where: Other pollutants in model: none
y  = county-level annual non-accidental deaths of persons ages 30+ per person0

ù = PM  coefficient = 0.0064082.5

ôPM  = change in annual median PM  concentration2.5 2.5

pop = population ages 30 and older
) = standard error of ù = 0.001509ù

Location: 50 U.S. cities

mortality Study: Dockery et al. (1993)

where: Other pollutants in model: none
y  = county-level annual non-accidental deaths of persons ages 25+ per person0

ù = PM  coefficient  = 0.01242.5

ôPM = change in annual mean PM  concentration2.5 2.5

pop = population ages 25 and older
) = standard error of ù = 0.00423ù

Location: six U.S. cities

neonatal Study: Woodruff et al. (1997)
mortality Location: 86 U.S. metropolitan areas

where:
y  = county annual postneonatal infant deaths per infant 0-1 years old0

ù = PM  coefficient = 0.0039210

ôPM  = change in annual average PM  concentration10 10

pop = population infants ages 0-1
) = standard error of ù = 0.00122ù

Other pollutants in model: none

chronic Study: Abbey et al. (1993)
bronchitis Location: California

where: Other pollutants in model: none
y  = annual bronchitis incidence rate per person = 0.00378 Comments: Abbey et al. used TSP to measure0

ù = estimated PM  logistic regression coefficient = 0.00932 PM.  The TSP coefficient is applied to changes10

ôPM  = change in annual average PM  concentration in PM .10 10

pop = population ages 27 and older "without chronic bronchitis"
)  = standard error of ù = 0.00475ù

10
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chronic Study: Abbey et al. (1995)
bronchitis Location: California

where: Other pollutants in model: none
y  = annual bronchitis incidence rate per person = 0.003780

ù = estimated PM  logistic regression coefficient = 0.091322.5

ôPM = change in annual average PM  concentration2.5 2.5

pop = population ages 27 and older "without chronic bronchitis"
)  = standard error of ù = 0.00680ù

chronic Study: Schwartz (1993)
bronchitis Location: 53 U.S. urban areas

where:
y  = national chronic bronchitis prevalence rate for individuals 18 and older= 0.05350

z  = annual bronchitis incidence rate per person = 0.003780

ù = estimated PM  logistic regression coefficient = 0.012310

ôPM  = change in annual average PM  concentration10 10

pop = population ages 30 and older "without chronic bronchitis"
)  = standard error of ù = 0.00434ù

Other pollutants in model: none

hospital Study: Burnett et al.  (1997b)
admissions – all Location: Toronto, Canada

respiratory where: Other pollutants in model: O , NO , SO
y  = daily hospital admission rate for all respiratory per person = 2.58  E-50

ù = PM  coefficient = 0.001472.5-10

ôPM = change in daily average PM  concentration2.5-10 2.5-10

pop = population of all ages
) = standard error of ù = 0.00179ù

3 2 2

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

asthma where: Other pollutants in model:  CO, O
y  = daily hospital admission rate for asthma per person = 4.75 E-60

ù = PM  coefficient = 0.003212.5-10

ôPM = change in daily average PM  concentration2.5-10 2.5-10

pop = population of all ages
) = standard error of ù =  0.00106ù

3
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hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

obstructive lung where: Other pollutants in model: CO, O
disease y  = daily hospital admission rate for obstructive lung disease per person = 5.76 E-60

ù = PM  coefficient = 0.003102.5-10

ô PM = change in daily average PM  concentration2.5-10 2.5-10

pop = population of all ages
) = standard error of ù =  0.00163ù

3

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada

respiratory where: Other pollutants in model: NO , O
infection y  = daily hospital admission rate for respiratory infection per person = 1.56 E-50

ù = PM  coefficient = 0.003282.5

ôPM = change in daily average PM  concentration2.5 2.5

pop = population of all ages
) = standard error of ù = 0.000735ù

2 3

hospital Study: Thurston et al. (1994)
admissions – all Location: Toronto, Canada

respiratory where: Other pollutants in model: O
ù = ozone coefficient = 1.81 E-8
ôPM = change in daily average PM2.5 2.5

pop = population all ages
) = standard error of ù = 1.79 E-8 .ù

3

hospital Study: Moolgavkar et al.  (1997)
admissions – Location: Minneapolis, MN
pneumonia where: Other pollutants in model: O , SO , NO

y  = daily hospital admission rate for pneumonia per person = 5.30 E-50

ù = PM  coefficient = 0.00049810

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000505ù

3 2 2

hospital Study: Moolgavkar et al.  (1997)
admissions – Location: Minneapolis, MN

COPD where: Other pollutants in model: CO, O
y  = daily hospital admission rate for COPD per person = 3.75 E-50

ù = PM  coefficient = 0.00087710

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000777ù

3
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hospital Study: Schwartz (1994c)
admissions – Location: Minneapolis, MN
pneumonia where: Other pollutants in model: O

y  = daily hospital admission rate for pneumonia per person = 5.18 E-50

ù = PM  coefficient = 0.0015710

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000677ù

3

hospital Study: Schwartz (1994c)
admissions – Location: Minneapolis, MN

COPD where: Other pollutants in model: none
y  = daily hospital admission rate for COPD per person = 3.75 E-50

ù = PM  coefficient = 0.0045110

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.00138ù

hospital Study: Schwartz (1994a)
admissions – Location: Birmingham, AL
pneumonia where: Other pollutants in model: none

y  = daily hospital admission rate for pneumonia per person = 5.30 E-50

ù = PM  coefficient = 0.0017410

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000536ù

hospital Study: Schwartz (1994a)
admissions – Location: Birmingham, AL

COPD where: Other pollutants in model: none
y  = daily hospital admission rate for COPD per person = 3.75 E-50

ù = PM  coefficient = 0.0023910

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000838ù

hospital Study: Schwartz (1994b)
admissions – Location: Detroit, MI
pneumonia where: Other pollutants in model: O

y  = daily hospital admission rate for pneumonia per person = 5.18 E-50

ù = PM  coefficient = 0.0011510

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.00039ù

3
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hospital Study: Schwartz (1994b)
admissions – Location: Detroit, MI

COPD where: Other pollutants in model: O
y  = daily hospital admission rate for COPD per person = 3.05 E-50

ù = PM  coefficient  = 0.0020210

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.00059ù

3

hospital Study: Schwartz (1996)
admissions – all Location: Spokane, WA

respiratory where: Other pollutants in model: none
y  = daily hospital admission rate for all respiratory per person 65 or older = 1.187 E-40

ù = PM  coefficient = 0.0016310

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000470ù

hospital Study: Schwartz (1995)
admissions – all Location: New Haven, CT

respiratory where: Other pollutants in model: O
y  = daily hospital admissions for all respiratory per person 65 and older = 1.187 E-40

ù = PM  coefficient = 0.0017210

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000930ù

3

hospital Study: Schwartz (1995)
admissions – all Location: Tacoma, WA

respiratory where: Other pollutants in model: O
y  = daily hospital admissions for all respiratory conditions per person 65 and older = 1.187 E-40

ù = PM  coefficient = 0.0022710

ô PM = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.00145ù

3

hospital Study: Sheppard et al. (1999)
admissions – Location: Seattle, WA

asthma where: Other pollutants in model: CO
y  = daily hospital admission rate for asthma per person = 4.52 E-60

ù = PM  coefficient = 0.00272.5

ôPM = change in daily average PM  concentration2.5 2.5

pop = population of ages < 65
) = standard error of ù = 0.000948ù
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hospital Study: Burnett et al. (1997b)
admissions – Location: Toronto, Canada

cardiac where: Other pollutants in model: O
y  = daily hospital admission rate for cardiac per person = 3.81 E-50

ù = PM  coefficient = 0.007042.5-10

ôPM = change in daily average PM  concentration2.5-10 2.5-10

pop = population of all ages
) = standard error of ù = 0.00215ù

3

hospital Study: Burnett et al. (1999)
admissions – Location: Toronto, Canada
dysrhythmias where: Other pollutants in model: CO, O

y  = daily hospital admission rate for dysrhythmias per person = 6.46 E-60

ù = PM  coefficient = 0.001362.5

ôPM = change in daily average PM  concentration2.5 2.5

pop = population of all ages
) = standard error of ù = 0.000910ù

3

hospital Study: Schwartz and Morris (1995)
admissions – Location: Detroit, MI

ischemic heart where: Other pollutants in model: CO
disease y  = daily hospital admission rate for ischemic heart disease per person 65 and older = 9.96 E-50

ù = PM  coefficient= 0.00049610

ôPM  = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000220ù

hospital Study: Schwartz and Morris (1995)
admissions – Location: Detroit, MI

congestive heart where: Other pollutants in model: CO
failure y  = daily hospital admission rate for congestive heart failure per person 65 and older = 5.82 E-50

ù = PM  coefficient = 0.00074110

ôPM  = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000311ù

hospital Study: Schwartz (1999)
admissions – Location: eight U.S. counties

cardiovascular where: Other pollutants in model: CO
y  = daily hospital admission rate for cardiovascular disease per person 65 and older = 2.23 E-40

ù = PM  coefficient = 0.00073710

ôPM  = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000170ù
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hospital Study: Schwartz (1997)
admissions – Location: Tucson, AZ

cardiovascular where: Other pollutants in model: CO
y  = daily hospital admission rate for cardiovascular disease per person 65 and older = 2.23 E-40

ù = PM  coefficient = 0.0010210

ôPM  = change in daily average PM  concentration10 10

pop = population age 65 and older
) = standard error of ù = 0.000423ù

emergency room Study: Schwartz (1993)
visits Location: Seattle, WA

where: Other pollutants in model: none
y  = daily ER visits for asthma per person under 65 years old  = 7.69 E-60

ù = PM  coefficient (Schwartz et al., 1993, p. 829) = 0.0036710

ôPM  = change in daily average PM  concentration10 10

pop = population ages 0-64
) = standard error of ù (Schwartz et al., 1993, p. 829) = 0.00126ù

acute bronchitis Study: Dockery et al. (1996)

where:
y  = annual bronchitis incidence rate per person  = 0.0440

ù = estimated PM  logistic regression coefficient = 0.02722.5

ôPM  = change in annual average PM  concentration2.5 2.5

pop = population ages 8-12
) = standard error of ù = 0.0171ù

Location: 24 U.S. and Canadian cities
Other pollutants in model: none

lower respiratory Study: Schwartz, et al. (1994)
symptoms (LRS) Location: six U.S. cities

defined as Other pollutants in model: none
cough, chest where:
pain, phlegm, y  = daily lower respiratory symptom incidence rate per person = 0.0012
and wheeze ù = estimated PM  logistic regression coefficient = 0.01823

0

2.5

ôPM  = change in daily average PM  concentration2.5 2.5

pop = population ages 7-14
)  = standard error of ù = 0.00586ù
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Shortness of Study: Ostro et al. (1995)
breath, days Location: Los Angeles, CA

where:
y  = daily shortness of breath incidence rate per person = 0.0560

ù = estimated PM  logistic regression coefficient = 0.0084110

ôPM  = change in daily average PM  concentration10 10

pop = asthmatic African-American population ages 7 to 12
)  = standard error of ù = 0.00363ù

Other pollutants in model: none

URS, defined as Study: Pope et al. (1991)
runny or stuffy Location: Utah Valley

nose, wet Other pollutants in model: none
cough, burning, where:
aching, or red y  = daily upper respiratory symptom incidence rate per person = 0.3419

eyes ù = estimated PM  logistic regression coefficient  = 0.0036
0

10

ôPM  = change in daily average PM  concentration10 10

pop = asthmatic population ages 9 to 11 = 6.91% of population ages 9 to 11
)  = standard error of ù = 0.0015ù

presence of any Study: Krupnick et al. (1990)
of 19 acute Location: Glendora-Covina-Azusa, CA
respiratory where: Other pollutants in model: SO , O
symptoms ù  = first derivative of the stationary probability = 0.000461 Comments: COH used in estimation of model. *

ôPM  = change in daily average PM  concentration The estimated COH coefficient is used with10 10

pop = population ages 18-65 PM  data.
)  = standard error of ù  = 0.000239ù

*

2 3

10

moderate or Study: Ostro et al. (1991)
worse asthma Location: Denver

status Other pollutants in model: none
where: Comments: The estimated coefficient is applied
ù = estimated PM  coefficient for year i = 0.0006 to populations of all ages.2.5

PM  = change in daily average PM  concentration2.5 2.5

pop = asthmatic population of all ages = 5.61% of the population of all ages
)  = standard error of ù = 0.0003ù
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asthma attacks Study: Whittemore and Korn (1980)

where:
y  = daily incidence of asthma attacks = 0.0270

ù = PM  coefficient = 0.0014410

ôPM  = change in daily PM  concentration10 10

pop  = population of asthmatics of all ages = 5.61% of the population of all ages 
) = standard error of ù = 0.000556ù

Location: Los Angeles, CA
Other pollutants in model: O3

Restricted Study: Ostro (1987)
Activity Days Location: U.S. metropolitan areas

(RADs) where: Other pollutants in model: none
y  = daily RAD incidence rate per person = 0.0177 Comments: An inverse-variance weighting used0

ù = inverse-variance weighted PM  coefficient = 0.00475 to estimate the coefficient, based on Ostro2.5

ôPM = change in daily average PM  concentration (1987, Table III)].2.5 2.5

pop = adult population ages 18 to 65 
)  = standard error of ù = 0.00029ù

respiratory and Study: Ostro and Rothschild (1989b)
nonrespiratory Location: U.S.

conditions where: Other pollutants in model: O
resulting in a y  = daily MRAD daily incidence rate per person = 0.02137 Comments: An inverse-variance weighting used

minor restricted ù = inverse-variance weighted PM  coefficient = 0.00741 to estimate the coefficient, based on Ostro and
activity day ôPM = change in daily average PM  concentration Rothschild (1989b, Table 4)

(MRAD) pop = adult population ages 18 to 65 

0

2.5

2.5 2.5

)  = standard error of ù = 0.0007ù

3

work loss days Study: Ostro (1987)
(WLDs) Location: U.S. metropolitan areas

where: Other pollutants in model: none
y  = daily work-loss-day incidence rate per person = 0.00648 Comments: An inverse-variance weighting used0

ù = inverse-variance weighted PM  coefficient = 0.0046 to estimate the coefficient, based on Ostro2.5

ôPM = change in daily average PM  concentration (1987, Table III).2.5 2.5

pop = population ages 18 to 65 
) = standard error of ù = 0.00036ù
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Sulfur Dioxide
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Table D-19
Summary of C-R Functions for Sulfur Dioxide

Health Endpoint Concentration-Response Function Source of C-R Function

hospital admissions Study: Burnett et al. (1997b)
– all respiratory Location: Toronto, Canada

where: Other pollutants in model: PM , NO , O
y  = daily hospital admission rate for all respiratory per person = 2.58  E-50

ù = SO  coefficient = 0.004462

ôSO = change in daily one-hour maximum SO  concentration (ppb)2 2

pop = population of all ages
) = standard error of ù = 0.00293ù

2.5-10 2 3

hospital admissions Study: Moolgavkar et al. (1997)
– pneumonia Location: Minneapolis, MN

where: Other pollutants in model: O , NO  PM
y  = daily hospital admission rate for pneumonia per person = 5.30 E-50

ù = SO  coefficient = 0.001432

ô SO = change in daily average SO  concentration (ppb)2 2

pop = population age 65 and older
) = standard error of ù = 0.00290ù

3 2 10

hospital admissions Study: Burnett et al. (1999)
– ischemic heart Location: Toronto, Canada

disease where: Other pollutants in model: NO
y  = daily hospital admission rate for ischemic heart disease per person = 2.23 E-50

ù = SO  coefficient = 0.001772

ôSO = change in daily average SO  concentration2 2

pop = population of all ages
) = standard error of ù = 0.000854ù

2

chest tightness, Study: Linn et al. (1987; 1988; 1990) and Roger et al. (1985)
shortness of breath, Location: Chamber study

or wheeze Other pollutants in model: none
.where: Comments: The results of four chamber studies were
û = constant = -5.65 combined to develop this C-R function.  Moderate asthmatics
ù = SO  coefficient = 0.00589 compose one third of exercising asthmatics; mild asthmatics2

õ = status coefficient (used for moderate asthmatics only) = 1.10 compose the other two thirds.
SO  = peak five minute SO  concentration (ppb) in an hour = hourly SO2 2 2

concentration (ppb) multiplied by 2.5 peak to mean ratio of 2.5
pop = exercising asthmatics = population of asthmatics of all ages (5.61% of the

population of all ages (Adams et al., 1995 Table 57)) of whom 1.7% are
exercising.  Moderate asthmatics compose one third of exercising asthmatics;
mild asthmatics compose the other two thirds (U.S. EPA, 1997, p.  D-39).

) = standard error of ù = 0.00247ù
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Modeling Results
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DQG#'054#VXPPDUL]H#WKH#KHDOWK#HIIHFWV#IRU#HDFK#VWXG\
LQFOXGHG#LQ#WKH#DQDO\VLV/#SUHVHQWLQJ#WKH#PHDQ/#DV#ZHOO
DV# WKH# HVWLPDWHG# FUHGLEOH# LQWHUYDO# +8 # DQG# <8WK WK

SHUFHQWLOHV,#RI#WKH#QXPEHU#RI#DYRLGHG#FDVHV#RI#HDFK
HQGSRLQW1###7DEOH#'053#SUHVHQWV#WKHVH#UHVXOWV#IRU#WKH
VXESRSXODWLRQ# OLYLQJ#ZLWKLQ# 83#NLORPHWHUV#RI#DQ#DLU
TXDOLW\#PRQLWRU1##7DEOH#'054#SUHVHQWV#UHVXOWV#IRU#WKH
HQWLUH#SRSXODWLRQ#RI#WKH#7;#FRQWLJXRXV#VWDWHV1##7DEOH
'055# VXPPDUL]HV# WKH# OLIH0\HDUV# ORVW# E\# DJH# JURXS>
7DEOHV#'056#DQG#'057#SUHVHQW#LOOXVWUDWLYH#FDOFXODWLRQV
RI#WKH#LPSDFW#RI#DLU#SROOXWLRQ#RQ#PRUWDOLW\>#DQG#)LJXUH
'05# SUHVHQWV# WKH# UHVXOWV#RI# XVLQJ# DOWHUQDWLYH# HIIHFW
WKUHVKROGV#LQ#WKH#FDOFXODWLRQ#RI#PRUWDOLW\1

#7KH#UDQJHV#RI#HVWLPDWHV#SUHVHQWHG#LQ#7DEOHV#'0
53#DQG#'054#UHIOHFW#WKH#PHDVXUHG#XQFHUWDLQW\#LQKHUHQW
LQ#WKH#HVWLPDWHG#&05#FRHIILFLHQWV#XVHG#LQ#FDOFXODWLQJ
WKH# DYRLGHG# LQFLGHQFH# IRU# HDFK# HQGSRLQW1# # 7KHVH
UDQJHV# DUH# RQO\# D# SDUWLDO# PHDVXUH# RI# WKH# WRWDO
XQFHUWDLQW\# DVVRFLDWHG# ZLWK# WKH# HVWLPDWLRQ# RI# WKH
DYRLGHG# LQFLGHQFH#RI#HDFK#KHDOWK#HIIHFW1# #7KHUH#DUH
RWKHU#SRWHQWLDOO\#LPSRUWDQW#VRXUFHV#RI#XQFHUWDLQW\#LQ
WKLV#EHQHILWV#DQDO\VLV#WKDW#ZRXOG#OLNHO\#OHDG#WR#D#ZLGHU
XQFHUWDLQW\#UDQJH1##)RU#H[DPSOH/#VRPH#RI#WKH#DQDO\WLFDO
FRPSRQHQWV# DUH# SRLQW# HVWLPDWHV# WKDW# GR# QRW
LQFRUSRUDWH# LQIRUPDWLRQ# DERXW# WKH# XQFHUWDLQW\
LQKHUHQW#LQ#WKH#HVWLPDWHV/#VXFK#DV#WKH#HPLVVLRQV#DQG#DLU
TXDOLW\# HVWLPDWHV1# # $# FRPSOHWH# GHSLFWLRQ# RI# WKH
XQFHUWDLQW\# RI# WKH# HVWLPDWHV# ZRXOG# LQFOXGH# WKH
XQFHUWDLQW\#LQ#WKHVH#LPSRUWDQW#DQDO\WLFDO#FRPSRQHQWV1
,QFRUSRUDWLQJ#TXDQWLWDWLYH#XQFHUWDLQW\#HVWLPDWHV#LQWR
HDFK# RI# WKHVH# FRPSRQHQWV# LV# QRW# IHDVLEOH# IRU# WKLV
FXUUHQW# DQDO\VLV1#7KHUHIRUH/# WKH# UDQJH# RI# HVWLPDWHV
SUHVHQWHG#KHUHLQ#LV#RQO\#D#SDUWLDO#UHIOHFWLRQ#RI#WKH#WRWDO
XQFHUWDLQW\#UDQJH1

Uncertainty

7KH# VWDWHG# JRDO#RI# WKLV# VWXG\# LV# WR#SURYLGH# D
FRPSUHKHQVLYH#HVWLPDWH#RI#WKH#EHQHILWV#RI#WKH#&OHDQ

$LU#$FW#$PHQGPHQWV#RI#4<<31##7R#DFKLHYH#WKLV#JRDO/
LQIRUPDWLRQ#ZLWK#YHU\#GLIIHUHQW#OHYHOV#RI#FRQILGHQFH
PXVW#EH#XVHG1##7KH#DQDO\VLV#SUHVHQWV#LQIRUPDWLRQ#RQ
WKH#SODXVLEOH#UDQJH#RI#HVWLPDWHV# WKURXJK# WKH#XVH#RI
WZR#DSSURDFKHV1##7KH#ILUVW#DSSURDFK#LV#WR#UHIOHFW#WKH
PHDVXUHG# XQFHUWDLQW\# LQ# HVWLPDWLQJ# WKH# DYRLGHG
LQFLGHQFH# RI# KHDOWK# HIIHFWV# E\# XVLQJ# DQ# HVWLPDWHG
SUREDELOLW\#GLVWULEXWLRQ#IRU#HDFK#&05#FRHIILFLHQW#XVHG
LQ# WKH#DQDO\VLV1# #7KH#VHFRQG#DSSURDFK# LV# WR#SUHVHQW
DQDO\VLV# XVLQJ# GLIIHUHQW# NH\# DVVXPSWLRQV1# # 7KH
WKUHVKROG#FKRLFH/#WKH#WLPH#EHWZHHQ#30#H[SRVXUH#DQG
PRUWDOLW\/# WKH# FKRLFH# RI# VWXGLHV/# DQG# ZKHWKHU# WR
HVWLPDWH# PRUWDOLW\# XVLQJ# VWDWLVWLFDO# OLIH# \HDUV# RU
VWDWLVWLFDO#OLYHV#ORVW#DUH#LPSRUWDQW#DVVXPSWLRQV#WKDW#DUH
H[DPLQHG#LQ#WKLV#DQDO\VLV1#

7R# FDSWXUH# WKH#YDULDWLRQ# LQ# WKH#&05# IXQFWLRQ
FRHIILFLHQW# HVWLPDWHV# XVHG# WR# HVWLPDWH# WKH# DYRLGHG
LQFLGHQFH#RI#KHDOWK#HIIHFWV/#WKLV#DQDO\VLV#XVHV#D#0RQWH
&DUOR#SURFHGXUH#WR#JHQHUDWH#GLVWULEXWLRQV#RI#HVWLPDWHG
HIIHFWV# E\# UDQGRPO\# VDPSOLQJ# WKH# GLVWULEXWLRQ# RI
FRHIILFLHQWV# +JLYHQ# E\# WKH# PHDQ# FRHIILFLHQW# DQG
VWDQGDUG#GHYLDWLRQ#UHSRUWHG#LQ#WKH#OLWHUDWXUH,#DQG#WKHQ
HYDOXDWLQJ# WKH# &05# IXQFWLRQ# ZLWK# WKH# UDQGRPO\
VHOHFWHG# FRHIILFLHQW1# # 7KLV# \LHOGHG# DQ# HVWLPDWH# RI
DYRLGHG# LQFLGHQFH# IRU# WKH# JLYHQ# HIIHFW# DQG# ZDV
UHSHDWHG# PDQ\# WLPHV# WR# JHQHUDWH# GLVWULEXWLRQV# RI
DYRLGHG#LQFLGHQFH1##%RWK#WKH#PHDQ#HVWLPDWHV#DQG#WKH
8 # DQG# <8 # SHUFHQWLOH# HVWLPDWHV# RI# WKH# UHVXOWLQJWK WK

GLVWULEXWLRQV# RI# DYRLGHG# LQFLGHQFH# HVWLPDWHV# DUH
SUHVHQWHG#KHUH#IRU#HDFK#KHDOWK#HIIHFW1

#7KH#VHFRQG#W\SH#RI#XQFHUWDLQW\#FRQVLGHUHG#KHUH
DGGUHVVHV# WKH# IDFW# WKDW# GLIIHUHQW# SXEOLVKHG# UHVXOWV
UHSRUWHG# LQ# WKH# VFLHQWLILF# OLWHUDWXUH# W\SLFDOO\#GR#QRW
UHSRUW# LGHQWLFDO# ILQGLQJV># LQ# VRPH# LQVWDQFHV# WKH
GLIIHUHQFHV#DUH# VXEVWDQWLDO1# #)RU# WKLV#DQDO\VLV/# VRPH
KHDOWK#HQGSRLQWV#XVHG#PRUH#WKDQ#RQH#FRQFHQWUDWLRQ0
UHVSRQVH#IXQFWLRQ/#HDFK#UHSUHVHQWLQJ#D#GLIIHUHQW#VWXG\1
7KH# DOWHUQDWLYH# FRQFHQWUDWLRQ0UHVSRQVH# IXQFWLRQV
SURYLGH# GLIIHULQJ#PHDVXUHV#RI# WKH# HIIHFW# DLU#TXDOLW\
UHGXFWLRQV# KDYH# RQ# FKDQJHV# LQ# SDUWLFXODU# KHDOWK
HQGSRLQWV1#7KLV#EHWZHHQ0VWXG\#YDULDELOLW\#LV#FDSWXUHG
E\# FRQVLGHULQJ# WKH# UDQJH# RI# HVWLPDWHV# IRU# D# JLYHQ
HQGSRLQW/# DQG# FDQ# EH# XVHG# WR# GHULYH# D# UDQJH# RI
SRVVLEOH#UHVXOWV1##)RU#H[DPSOH/#FRQFHQWUDWLRQ0UHVSRQVH
IXQFWLRQV# IRU# GHYHORSLQJ# FKURQLF# EURQFKLWLV# IURP
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WKUHH#GLIIHUHQW#VWXGLHV#DUH#XVHG#WR#HVWLPDWH#WKH#UDQJH 7KH# TXDQWLWDWLYH# UHVXOWV# RI# VHYHUDO# RWKHU
RI#DYRLGHG#FDVHV#RI#FKURQLF#EURQFKLWLV1 VHQVLWLYLW\#DQDO\VHV#DUH#DOVR#SUHVHQWHG1##$V#GLVFXVVHG

$QRWKHU#LPSRUWDQW#VRXUFH#RI#XQFHUWDLQW\#WKDW#LV UHODWLRQVKLS#EHWZHHQ#R]RQH#DQG#SUHPDWXUH#PRUWDOLW\/
FRQVLGHUHG#DV#DQ#DOWHUQDWLYH#DQDO\VLV#LV#WKH#HVWLPDWLRQ DQG# EHWZHHQ# 30# DQG# LQIDQW#PRUWDOLW\1# #+RZHYHU/
RI#VWDWLVWLFDO#OLIH#\HDUV#ORVW1##7DEOH#'055#SUHVHQWV#WKH WKHUH# LV# FRQVLGHUDEOH# XQFHUWDLQW\# DERXW# WKHVH
SHUFHQWDJH#RI#OLYHV#ORVW#IRU#HDFK#DJH#JURXS#FRQVLGHUHG UHODWLRQVKLSV#DW#WKLV#WLPH/#VR#TXDQWLWDWLYH#HVWLPDWHV#RI
DQG# WKH# DYHUDJH# QXPEHU# RI# OLIH# \HDUV# ORVW1# # 7KH WKHVH#HIIHFWV#DUH#QRW#LQFOXGHG#LQ#WKH#DJJUHJDWHG#UHVXOWV1
PDMRULW\#RI#WKH#HVWLPDWHG#GHDWKV#RFFXU#LQ#SHRSOH#RYHU 7KH#SRVVLEOH#PDJQLWXGH#RI# WKHVH#KHDOWK# HIIHFWV# DUH
WKH#DJH#RI#98#+GXH#WR#WKHLU#KLJKHU#EDVHOLQH#PRUWDOLW\ H[SORUHG#DV#VHQVLWLYLW\#DQDO\VHV/#UHSRUWHG#LQ#7DEOHV#'0
UDWHV,/# DQG# WKLV# JURXS# KDV# D# VKRUW# OLIH# H[SHFWDQF\ 56# +IRU# WKH# SRSXODWLRQ# ZLWKLQ# 83# NLORPHWHUV# RI# D
UHODWLYH#WR#RWKHU#DJH#JURXSV1 PRQLWRU,#DQG#'057#+IRU#WKH#HQWLUH#SRSXODWLRQ#RI#WKH

Sensitivity Analyses

2QH# SDUWLFXODUO\# LPSRUWDQW# XQFHUWDLQW\# LV# WKH
LPSDFW#WKDW#DOWHUQDWLYH#WKUHVKROG#DVVXPSWLRQV#KDYH#RQ
ERWK# WKH# HVWLPDWHV# RI# VSHFLILF# KHDOWK# HIIHFWV# DQG
XOWLPDWHO\# RQ# PRQHWDU\# EHQHILWV1# # 7KH# DYDLODEOH
HYLGHQFH#KDV# IDLOHG# WR# LGHQWLI\# WKUHVKROGV#²#RU# VDIH
OHYHOV# RI# DLU# SROOXWLRQ# ²# IRU# DQ\# RI# WKH# HIIHFWV
DVVRFLDWHG# ZLWK# FULWHULD# SROOXWDQWV/# VR# WKLV# DQDO\VLV
DVVXPHV#WKDW#WKHUH#DUH#QR#HIIHFWLYH#WKUHVKROGV#DQG#WKDW
DLU#SROOXWLRQ#KDV#HIIHFWV#GRZQ#WR#]HUR#DPELHQW#OHYHOV1
1HYHUWKHOHVV/#WKUHVKROGV#PD\#H[LVW#DQG#WKHLU#SRWHQWLDO
LPSDFW# RQ# WKH# RYHUDOO# EHQHILWV# DQDO\VLV# FRXOG# EH
VXEVWDQWLDO1##$Q\#RI#WKH#KHDOWK#HIIHFWV#HVWLPDWHG#LQ#WKLV
DQDO\VLV#FRXOG#KDYH#D#WKUHVKROG>#KRZHYHU#D#WKUHVKROG
IRU# 300UHODWHG# PRUWDOLW\# ZRXOG# KDYH# WKH# JUHDWHVW
LPSDFW#RQ#WKH#RYHUDOO#EHQHILWV#DQDO\VLV1# #)LJXUH#'05
VKRZV#WKH#HIIHFW#RI#LQFRUSRUDWLQJ#D#UDQJH#RI#SRVVLEOH
WKUHVKROGV/#XVLQJ#5343#30#OHYHOV#DQG#WKH#3RSH#HW#DO1
+4<<8,#VWXG\1

3RSH#HW#DO1# +4<<8,#GLG#QRW#H[SOLFLWO\# LQFOXGH#D
WKUHVKROG# LQ# WKHLU# DQDO\VLV1# # +RZHYHU/# LI# WKH# WUXH
PRUWDOLW\#&05#UHODWLRQVKLS#KDV#D#WKUHVKROG/#WKHQ#3RSH
HW# DO1*V# VORSH# FRHIILFLHQW# ZRXOG# OLNHO\# KDYH# EHHQ
XQGHUHVWLPDWHG# IRU# WKDW# SRUWLRQ# RI# WKH# &05
UHODWLRQVKLS#DERYH#WKH#WKUHVKROG1# #7KLV#ZRXOG# OLNHO\
OHDG#WR#DQ#XQGHUHVWLPDWH#RI#WKH#LQFLGHQFHV#RI#DYRLGHG
FDVHV#DERYH#DQ\#DVVXPHG#WKUHVKROG#OHYHO1##,W#LV#GLIILFXOW
WR#GHWHUPLQH# WKH# VL]H#RI# WKH#XQGHUHVWLPDWH#ZLWKRXW
GDWD#RQ#D#OLNHO\#WKUHVKROG#DQG#ZLWKRXW#UH0DQDO\]LQJ#WKH
3RSH#HW#DO1#GDWD1

DERYH/# WKHUH# LV# LQIRUPDWLRQ# VXJJHVWLQJ# D# SRVVLEOH

7;#FRQWLJXRXV#VWDWHV,1##,Q#DGGLWLRQ/#WKH#UHVXOWV#RI#DQ
DOWHUQDWLYH#HVWLPDWH#RI#WKH#SUHPDWXUH#DGXOW#PRUWDOLW\
DVVRFLDWHG# ZLWK# ORQJ0WHUP# 30# H[SRVXUH# EDVHG# RQ
'RFNHU\#HW#DO1#+4<<6,#DUH#DOVR#SUHVHQWHG#LQ#7DEOHV#'0
56#DQG#'0571##7KH#'RFNHU\#HW#DO1#VWXG\#XVHG#D#VPDOOHU
VDPSOH#RI#LQGLYLGXDOV#IURP#IHZHU#FLWLHV#WKDQ#WKH#VWXG\
E\#3RSH#HW#DO1/#DOWKRXJK#LW#IHDWXUHV#LPSURYHG#H[SRVXUH
HVWLPDWHV/#D#VOLJKWO\#EURDGHU#VWXG\#SRSXODWLRQ/#DQG#D
IROORZ0XS#SHULRG#QHDUO\#WZLFH#DV#ORQJ#DV#WKDW#RI#3RSH
HW#DO1# #7KH# UHVXOWV#EDVHG#RQ#'RFNHU\#DUH#SUHVHQWHG
RQO\#DV#VHQVLWLYLW\#FDOFXODWLRQ#IRU#WKLV#LPSRUWDQW#KHDOWK
HIIHFW>#WKH#3RSH#HW#DO1#+4<<8,#HVWLPDWH#LV#XVHG#LQ#WKH
SULPDU\#DQDO\VLV1

)LQDOO\/#WKLV#VWXG\#LQFOXGHV#D#VHQVLWLYLW\#DQDO\VLV
LOOXVWUDWLQJ#WKH#HIIHFW#RI#DOWHUQDWLYH#DVVXPSWLRQV#DERXW
D#SRWHQWLDO#ODJ#EHWZHHQ#30#H[SRVXUH#DQG#SUHPDWXUH
PRUWDOLW\# RQ# PRQHWL]HG# EHQHILW# HVWLPDWHV1# # $V
GLVFXVVHG#HDUOLHU/#D#FKDQJH#LQ#WKH#DVVXPHG#ODJ#SHULRG
ZLOO#KDYH#QR#HIIHFW#RQ#WKH#WRWDO#HVWLPDWH#RI#DYRLGHG
PRUWDOLW\#SUHVHQWHG#LQ#7DEOH#'054>#LW#ZLOO#RQO\#DIIHFW
WKH#GLVWULEXWLRQ#RI#WKRVH#DYRLGHG#GHDWKV#WKURXJK#WLPH1
&KDQJHV# WR# WKLV# GLVWULEXWLRQ# ZLOO/# KRZHYHU/# DIIHFW
PRQHWL]HG# EHQHILW# HVWLPDWHV# LI# WKH# YDOXHV# RI# WKH
DYRLGHG# IXWXUH# GHDWKV# DUH# GLVFRXQWHG1# # 7KHUHIRUH/
DOWKRXJK#ZH##GLVFXVV#WKH#YDULRXV#ODJ#VFHQDULRV#KHUH/
WKH#UHVXOWV#RI#WKLV#VHQVLWLYLW\#DQDO\VLV#DUH#SUHVHQWHG#LQ
WKH#YDOXDWLRQ#DSSHQGL[/#$SSHQGL[#+1

%HIRUH# GHVFULELQJ# WKH# ODJ# VFHQDULRV/# ZH
HPSKDVL]H#WKDW#QR#VFLHQWLILF#HYLGHQFH#FXUUHQWO\#H[LVWV
WR# VXSSRUW# WKH#DVVXPSWLRQ#RI#D# VLJQLILFDQW# ODJ# +L1H1/
VHYHUDO# \HDUV# RU#PRUH,# EHWZHHQ# 30# H[SRVXUH# DQG
SUHPDWXUH#PRUWDOLW\1# #7KH#SURVSHFWLYH#FRKRUW#VWXG\
GHVLJQ#RI# ORQJ0WHUP# HSLGHPLRORJLFDO# VWXGLHV#RI#30
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H[SRVXUH# +LQFOXGLQJ#3RSH# HW# DO1/# 4<<8,#SURYLGHV#QR UHPDLQGHU#RI#DYRLGHG#GHDWKV#GLVWULEXWHG#HYHQO\#DFURVV
LQIRUPDWLRQ#DERXW#ZKHWKHU#D#ODJ#H[LVWV#RU#ZKHWKHU#D WKH# ODVW#WKUHH#\HDUV# +DSSUR[LPDWHO\#491:#SHUFHQW#SHU
SDUWLFXODU##OHQJWK#RI#H[SRVXUH#LV#UHTXLUHG#WR#HOLFLW#DQ \HDU,1##$V#PHQWLRQHG#DERYH/#WKH#DSSURSULDWH#OHQJWK#RI
HIIHFW1# # )XUWKHU/# ZH# KDYH# LGHQWLILHG# QR# VWXGLHV WKH# ODJ# SHULRG# LV# KLJKO\# XQFHUWDLQ/# DQG# VR# LV# WKH
VSHFLILFDOO\#GHVLJQHG#WR#WHVW#IRU#VXFK#D#302PRUWDOLW\ GLVWULEXWLRQ# RI# GHDWKV# RYHU# WKDW# SHULRG/# DOWKRXJK
ODJ1##+RZHYHU/#ZH#KDYH#LQFRUSRUDWHG#D##ODJ#LQWR#RXU HYLGHQFH#IURP#VKRUW0WHUP#VWXGLHV#VXJJHVWV#ZHLJKWLQJ
SULPDU\#DQDO\VLV#DQG#FRQGXFWHG#WKLV#VHQVLWLYLW\#DQDO\VLV WKH# GLVWULEXWLRQ# WRZDUG# WKH# ILUVW# FRXSOH# RI# \HDUV
IRU# WZR# UHDVRQV1# # )LUVW/# RWKHU# VLPLODU# W\SHV# RI IROORZLQJ#H[SRVXUH1##7KH#DVVXPSWLRQV#RI#WKH#7LHU#5
H[SRVXUHV/# VXFK# DV# FLJDUHWWH# VPRNLQJ/# GR# VKRZ ODJ#VWUXFWXUH#UHIOHFW#WKH#EHVW#MXGJPHQW#RI#WKH#$JHQF\
HYLGHQFH#RI#D#ODJ1##6WXGLHV#RI#UHGXFWLRQV#LQ#FLJDUHWWH RQ# WKLV# LVVXH># KRZHYHU/# WKH\# GR# QRW# UHSUHVHQW# DQ\
VPRNLQJ# VXJJHVW# WKDW# WKH# EHQHILWV# RI# VPRNLQJ NQRZQ#ODJ#VWUXFWXUH#IRU#30#PRUWDOLW\1
FHVVDWLRQ#RFFXU#RYHU#D#VHYHUDO#\HDU#SHULRG1# #6HFRQG/
GLIIHUHQFHV# EHWZHHQ# WKH# UHODWLYH# ULVN# HVWLPDWHV# RI :H# HYDOXDWH# WKUHH# ODJ# VFHQDULRV# IRU# WKH
VKRUW0WHUP#VWXGLHV#RI#30#H[SRVXUH#DQG#WKRVH#RI#ORQJ0 VHQVLWLYLW\#DQDO\VLV1##7KH#ILUVW#VFHQDULR#DVVXPHV#QR#ODJ>
WHUP#+L1H1/#FRKRUW,#VWXGLHV#PD\#VXJJHVW#WKH#SUHVHQFH#RI WKDW#LV/#DOO#DYRLGHG#PRUWDOLW\#RFFXUV#LQ#WKH#VDPH#\HDU#DV
D#ODJ#IRU#VRPH#SRUWLRQ#RI#WKH#RYHUDOO#PRUWDOLW\#HIIHFW H[SRVXUH# +<HDU# 4# LQ# 7DEOH# '058,1# # 7KH# VHFRQG
RI#30#H[SRVXUH1 GLVWULEXWHV#DYRLGHG#PRUWDOLW\#HYHQO\#DFURVV#HLJKW#\HDUV>

6KRUW0WHUP#HSLGHPLRORJLFDO#VWXGLHV#OLQNLQJ#GDLO\ XS#SHULRG#RI#WKH#3RSH#HW#DO1/#4<<8#VWXG\1##7KH#WKLUG
PHDVXUHV#RI#30#H[SRVXUHV#ZLWK#GDLO\#PRUWDOLW\#UDWHV VFHQDULR#LV#EDVHG#RQ#WKH#'RFNHU\#HW#DO1/#4<<6#IROORZ0
VKRZ# VWDWLVWLFDOO\# VLJQLILFDQW# LQFUHDVHV# LQ# PRUWDOLW\ XS# SHULRG# RI# 48# \HDUV/# ZLWK# DYRLGHG# PRUWDOLW\
ZLWKLQ#GD\V#RI#LQFUHDVHG#30#H[SRVXUH1##+RZHYHU/#WKH GLVWULEXWHG#HYHQO\#DFURVV#WKDW#SHULRG1# #$V#GLVFXVVHG
DSSURSULDWH#ODJ#SHULRG#IRU#WKH#SRUWLRQ#RI#GHDWKV#WKDW HDUOLHU/#ZH# ILQG# WKH# 480\HDU# ODJ# WR#EH# DQ# H[WUHPHO\
GR#QRW#RFFXU#LPPHGLDWHO\#LV#XQFOHDU1##6RPH#LQWHUSUHW FRQVHUYDWLYH#DVVXPSWLRQ1
WKH#DQDO\VLV#E\#%UXQHNUHHI# +4<<:,#DV# LQGLFDWLYH#RI#D
PXFK# ORQJHU#PRUWDOLW\# ODJ#RI# 48# \HDUV>#KRZHYHU/# LW 7KH#HIIHFW#RI#WKHVH#GLIIHUHQW#ODJ#DVVXPSWLRQV#RQ
DSSHDUV#WKDW#%UXQHNUHHI#VLPSO\#HPSOR\HG#DVVXPSWLRQV RXU# HVWLPDWH#RI#PRQHWDU\#EHQHILWV# GHSHQGV#RQ# WKH
FRQVLVWHQW#ZLWK#WKH#FRKRUW#GHVLJQ#RI#WKH#'RFNHU\#HW GLVFRXQW#UDWH#XVHG1##*LYHQ#WKH#GLVFRXQW#UDWH#XVHG#LQ
DO1/#4<<6#VWXG\/#ZKLFK#H[DPLQHG#WKH#UHODWLYH#ULVN#IRU#D WKH#SULPDU\#DQDO\VLV/#ILYH#SHUFHQW/#WKH#QR#ODJ#VFHQDULR
FRKRUW# DJHG# 58# WR# :7#RYHU# D# 480\HDU# #SHULRG1# #7KH ZRXOG# LQFUHDVH# WKH# SULPDU\# PRUWDOLW\# UHGXFWLRQ
VHOHFWLRQ#RI#VXFK#D#IROORZ0XS#SHULRG#E\#'RFNHU\#HW#DO1 EHQHILWV#HVWLPDWH#E\#QLQH#SHUFHQW>#WKH#3RSH0EDVHG#ODJ
ZDV# QRW# EDVHG# RQ# ELRORJLFDO# RU# HSLGHPLRORJLFDO HVWLPDWH#ZRXOG#GHFUHDVH#WKH#HVWLPDWH#E\#HLJKW#SHUFHQW>
HYLGHQFH#RI# D# 480\HDU# ODJ/# DQG#%UXQHNUHHI# FLWHV#QR DQG#WKH#'RFNHU\0EDVHG# ODJ#HVWLPDWH#ZRXOG#GHFUHDVH
HYLGHQFH#VXSSRUWLQJ#D#ODJ#RI#WKLV#OHQJWK1##7KHUHIRUH/ WKH# HVWLPDWH# E\# 54# SHUFHQW1# #7KH# DFWXDO#PRQHWDU\
ZH# GR#QRW# ILQG# WKH#%UXQHNUHHI# +4<<:,# VWXG\# WR#EH EHQHILW#HVWLPDWHV#JHQHUDWHG#E\#WKLV#VHQVLWLYLW\#DQDO\VLV
FRQYLQFLQJ#HYLGHQFH#RI#D#ILIWHHQ0\HDU#ODJ1 DUH#SUHVHQWHG#LQ#$SSHQGL[#+1

7DEOH# '058# FRPSDUHV# WKH# GLVWULEXWLRQ# RI
DYRLGHG#PRUWDOLW\# EHQHILWV# DVVXPHG# LQ# WKH# SULPDU\
DQDO\VLV#ZLWK#HDFK#RI#WKH#VHQVLWLYLW\#DQDO\VLV#VFHQDULRV1
,Q# WKH# SULPDU\# DQDO\VLV/# ZH# DSSO\# WKH# VDPH# ODJ
VWUXFWXUH#XVHG#DV#D#VHQVLWLYLW\#DQDO\VLV#LQ#WKH#GUDIW#5,$
IRU# WKH# SURSRVHG# 7LHU# 5# PRWRU# YHKLFOH# HPLVVLRQ
VWDQGDUGV#+8161#(3$/#4<<<,1##8QGHU#WKLV#VFHQDULR/#WKH
DYRLGHG#PRUWDOLW\#RFFXUV#RYHU#D#ILYH#\HDU#SHULRG/#ZLWK
ILIW\#SHUFHQW#RI#WKH#DYRLGHG#PRUWDOLW\#RFFXUULQJ#ZLWKLQ
WKH#ILUVW#WZR#\HDUV#+L1H1#58#SHUFHQW#SHU#\HDU,/#DQG#WKH

WKLV#VFHQDULR#LV#EDVHG#RQ#WKH#HLJKW0\HDU#FRKRUW#IROORZ0
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Table D-20
Change in Incidence of Adverse Health Effects Associated with Criteria Pollutants (Pre-C AAA m inus Post-C AAA) – 48 State U.S.
Population within 50 km of a Monitor (avoided cases per year)

2000 2010 % of Baseline Incidences for the
mean estimates a

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th

Mortality

ages 30 and older PM 7,900 13,000 18,000 13,000 20,000 28,000 0.67% 0.95%b b

Chronic Illness

chronic bronchitis PM 2,300 11,000 20,000 4,300 18,000 30,000 2.05% 3.09%

chronic asthma O 910 4,900 8,300 1,100 5,500 8,700 3.46% 3.59%3

Hospitalization

respiratory PM, CO, NO , 7,300 12,000 17,000 12,000 19,000 29,000 0.52% 0.76%
admissions SO , O

2

2 3

cardiovascular PM, CO, NO , 5,400 19,000 41,000 9,400 38,000 90,000 0.59% 1.10%
admissions SO , O

2

2 3

emergency room PM, O 200 1,300 6,600 310 2,000 10,000 0.19% 0.27%
visits for asthma

3

Minor Illness

acute bronchitis PM 0 25,000 49,000 0 40,000 79,000 3.19% 4.71%c c

upper respiratory PM 170,000 570,000 970,000 260,000 870,000 1,500,000 0.61% 0.86%
symptoms

lower respiratory PM 130,000 270,000 420,000 210,000 440,000 670,000 2.19% 3.30%
symptoms

respiratory illness NO 24,000 110,000 180,000 63,000 270,000 450,000 7.62% 17.29%2

moderate or PM 32,000 210,000 370,000 48,000 310,000 570,000 0.15% 0.21%
worse asthmad

asthma attacks O , PM 520,000 960,000 1,400,000 800,000 1,500,000 2,100,000 0.74% 1.06%d
3



2000 2010 % of Baseline Incidences for the
mean estimates a

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th
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chest tightness, SO 200 80,000 370,000 270 100,000 470,000 0.003% 0.004%
shortness of
breath, or wheeze

2

shortness of PM 16,000 57,000 95,000 25,000 88,000 150,000 1.25% 1.79%
breath

work loss days PM 1,900,000 2,200,000 2,500,000 3,100,000 3,500,000 4,000,000 0.60% 0.87%

minor restricted O , PM 14,000,000 17,000,000 20,000,000 22,000,000 27,000,000 32,000,000 1.47% 2.16%
activity days / any
of 19 respiratory
symptomse

3

restricted activity PM 5,500,000 6,200,000 6,800,000 9,000,000 10,000,000 11,000,000 0.61% 0.91%
daysd

The baseline incidence generally is the same as that used in the C-R function for a particular health effect.  However, there are a few exceptions.  To calculate the baseline incidencea 

rate for respiratory-related hospital admissions, we used admissions for persons of all ages for ICD codes 460-519; for cardiovascular admissions, we used admissions for persons of
all ages for ICD codes 390-429; for emergency room visits for asthma, we used the estimated ER visit rate for persons of all ages; for chronic bronchitis we used the incidence rate for
individuals 27 and older;  for the pooled estimate of minor restricted activity days and any-of-19 respiratory symptoms, we used the incidence rate for minor restricted activity days.

 Calculated as the ratio of avoided mortality to the projected baseline annual non-accidental mortality for adults aged 30 and over.  Non-accidental mortality was approximately 95% ofb

total mortality for this subpopulation in 2010.

 Monte Carlo modeling returned a negative value for the fifth percentile estimate of this endpoint.  However, we believe the negative result represents an artifact of the statistical methodsc

employed in the uncertainty analysis, since none of the studies used in the health benefits analysis suggest a negative correlation between criteria air pollutant exposure and this health
endpoint.  We therefore truncate this value at zero for presentation.  The full distribution of estimates, including negative values, is used in all aggregations of benefits estimates presented
in this document. 

 These health endpoints overlap with the "any-of-19 respiratory symptoms" category.  As a result, although we present estimates for each endpoint individually, these results are notd

aggregated into the total benefits estimates.  

 Minor restricted activity days and any-of-19 respiratory symptoms have overlapping definitions and are pooled.e
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Table D-21
Change in Incidence of Adverse Health Effects Associated with Criteria Pollutants (Pre-C AAA m inus Post-C AAA) – 48 State U.S.
Population (avoided cases per year)

2000 2010 % of Baseline Incidences for
the mean estimates a

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th

Mortality

ages 30 and older PM 8,800 14,000 19,000 14,000 23,000 32,000 0.66% 1.00%b b

Chronic Illness

chronic bronchitis PM 3,100 13,000 22,000 5,000 20,000 34,000 2.21% 3.14%

chronic asthma O 1,300 5,600 9,600 1,800 7,200 12,000 3.22% 3.83%3

Hospitalization

respiratory PM, CO, NO , 8,100 13,000 20,000 13,000 22,000 34,000 0.40% 0.62%
admissions SO , O

2

2 3

cardiovascular PM, CO, NO , 5,800 22,000 48,000 10,000 42,000 100,000 0.49% 0.86%
admissions SO , O

2

2 3

emergency room PM, O 260 3,100 8,900 430 4,800 14,000 0.39% 0.55%
visits for asthma

3

Minor Illness

acute bronchitis PM 0 29,000 59,000 0 47,000 94,000 3.39% 5.06%c c

upper respiratory PM 180,000 620,000 1,000,000 280,000 950,000 1,600,000 0.61% 0.86%
symptoms

lower respiratory PM 150,000 320,000 480,000 240,000 520,000 770,000 2.38% 3.57%
symptoms

respiratory illness NO 31,000 130,000 220,000 76,000 330,000 550,000 4.46% 10.44%2

moderate or PM 52,000 260,000 460,000 80,000 400,000 720,000 0.17% 0.24%
worse asthmad

asthma attacks O , PM 590,000 1,100,000 1,600,000 920,000 1,700,000 2,500,000 0.73% 1.04%d
3



2000 2010 % of Baseline Incidences for
the mean estimates a

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th
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chest tightness, SO 220 88,000 410,000 290 110,000 520,000 0.002% 0.003%
shortness of
breath, or wheeze 

2

shortness of PM 16,000 59,000 98,000 26,000 91,000 150,000 1.19% 1.69%
breath

work loss days PM 2,200,000 2,500,000 2,900,000 3,600,000 4,100,000 4,600,000 0.62% 0.94%

minor restricted O , PM 16,000,000 19,000,000 23,000,000 25,000,000 31,000,000 37,000,000 1.43% 2.15%
activity days / any
of 19 respiratory
symptomse

3

restricted activity PM 6,400,000 7,200,000 7,900,000 10,000,000 12,000,000 13,000,000 0.65% 1.00%
daysd

The baseline incidence generally is the same as that used in the C-R function for a particular health effect.  However, there are a few exceptions.  To calculate the baseline incidencea 

rate for respiratory-related hospital admissions, we used admissions for persons of all ages for ICD codes 460-519; for cardiovascular admissions, we used admissions for persons of
all ages for ICD codes 390-429; for emergency room visits for asthma, we used the estimated ER visit rate for persons of all ages; for chronic bronchitis we used the incidence rate for
individuals 27 and older;  for the pooled estimate of minor restricted activity days and any-of-19 respiratory symptoms, we used the incidence rate for minor restricted activity days.

 Calculated as the ratio of avoided mortality to the projected baseline annual non-accidental mortality for adults aged 30 and over.  Non-accidental mortality was approximately 95% ofb

total mortality for this subpopulation in 2010.

 Monte Carlo modeling returned a negative value for the fifth percentile estimate of this endpoint.  However, we believe the negative result represents an artifact of the statistical methodsc

employed in the uncertainty analysis, since none of the studies used in the health benefits analysis suggest a negative correlation between criteria air pollutant exposure and this health
endpoint.  We therefore truncate this value at zero for presentation.  The full distribution of estimates, including negative values, is used in all aggregations of benefits estimates presented
in this document.

 These health endpoints overlap with the "any-of-19 respiratory symptoms" category.  As a result, although we present estimates for each endpoint individually, these results are notd

aggregated into the total benefits estimates.  

 Minor restricted activity days and any-of-19 respiratory symptoms have overlapping definitions and are pooled.e
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Table D-22
Mortality Distribution by Age in Primary Analysis, Based on Pope et al. (1995)

Age Group Proportion of Premature Mortality by Age Life Expectancy (years)a

Infants not estimated --

1-29 not estimated --

30-34 1% 48

35-44 4% 38

45-54 6% 29

55-64 12% 21

65-74 24% 14

75-84 30% 9

85+ 24% 6

 Percentages sum to 101 percent due to rounding.a
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Table D-23
Illustrative Estimates of the Impact of Criteria Pollutants on Mortality – 48 State U.S. Population within 50 km of a Monitor ( cases per
year)

2000 2010 % of Baseline Incidences for
the mean estimates

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th

ages 30 and older PM 7,900 13,000 18,000 13,000 20,000 28,000 0.67% 0.95%
(Pope et al., 1995)

ages 25 and older PM 12,000 29,000 46,000 20,000 47,000 73,000 1.35% 2.19%
(Dockery et al., 1993)*

all ages * O 81 1,100 2,200 130 1,600 3,400 0.06% 0.08%3

post-neonatal * PM 39 81 120 59 120 180 0.93% 1.39%

*The Dockery et al. (1993), ozone mortality, and post-neonatal mortality estimates are not aggregated into total benefits estimates.

Table D-24
Illustrative Estimates of the Impact of Criteria Pollutants on Mortality – 48 State U.S. Population (cases per year)

2000 2010 % of Baseline Incidences for
the mean estimates

Endpoint Pollutant 5  % mean 95  % 5  % mean 95  % 2000 2010th th th th

ages 30 and older PM 8,800 14,000 19,000 14,000 23,000 32,000 0.66% 1.00%
(Pope et al., 1995)

ages 25 and older PM 15,987 34,860 54,677 26,000 56,000 88,000 1.60% 2.39%
(Dockery et al., 1993)*

all ages * O 0 1,400 2,800 0 2,200 4,600 0.07% 0.09%3
† †

post-neonatal * PM 45 88 130 69 130 200 1.02% 1.38%

*The Dockery et al. (1993), ozone mortality, and post-neonatal mortality estimates are not aggregated into total benefits estimates.

†Monte Carlo modeling returned a negative value for the fifth percentile estimate of this endpoint.  However, we believe the negative result represents an artifact of the statistical methods
employed in the uncertainty analysis, since none of the studies used in the health benefits analysis suggest a negative correlation between criteria air pollutant exposure and this health
endpoint.  We therefore truncate this value at zero for presentation.  The full distribution of estimates, including negative values, is used in all aggregations of benefits estimates presented
in this document.
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Table D-25
Comparison of Alternative Lag Assumptions for Premature Mortality Associated with PM Exposure

Year
Percent of Avoided Mortality By Year

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Tier II SA Lag 25 25 16.67 16.67 16.67 0 0 0 0 0 0 0 0 0 0
(Primary Estimate)

No Lag 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Lag Distributed 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 0 0 0 0 0 0 0
Evenly Over the
Period Covered by
Pope et al., 1995

Lag Distributed 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67
Evenly Over the
Period Covered by
Dockery et al., 1993

Totals may not sum to 100 percent due to rounding.
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Figure D-2  
Long-Term Mortality Based on Pope (1995):  National Avoided Incidence Estimates (2010)
at Different Assumed Effect Thresholds, Based on a 50 Km Maximum Distance
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